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Executive Summary 

In  the wake of the 1973 oil crisis, the U.S. Congress 
passed the Energy Policy and Conservation Act of 1975, with 
the goal of reducing the country’s dependence on foreign 
oil. Among other things, the act established the Corporate 
Average Fuel Economy (CAFE) program, which required 
automobile manufacturers to increase the sales-weighted av- 
erage fuel economy of the passenger car and light-duty truck 
fleets sold in the United States. Today, the light-duty truck 
fleet includes minivans, pickups, and sport utility vehicles. 
Congress itself set the standards for passenger cars, which 
rose from 18 miles per gallon (mpg) in automobile model 
year (MY) 1978 to 27.5 mpg in M y  1985. As authorized by 
the act, the Department of Transportation (DOT) set stan- 
dards for light trucks for model years 1979 through 2002. 
The standards are currently 27.5 mpg for passenger cars and 
20.7 mpg for light trucks. Provisions in DOT’S annual ap- 
propriations bills since fiscal year 1996 have prohibited the 
agency from changing or even studying CAFE standards. 

In legislation for fiscal year 2001, Congress requested that 
the National Academy of Sciences, in consultation with the 
Department of Transportation, conduct a study to evaluate 
the effectiveness and impacts of CAFE standards.l In par- 
ticular, it asked that the study examine the following, among 
other factors: 

1. The statutory criteria (economic practicability, tech- 
nological feasibility, need for the United States to con- 
serve energy, the classification definitions used to dis- 
tinguish passenger cars from light trucks, and the effect 
of other regulations); 

2. The impact of CAFE standards on motor vehicle 
safety ; 

3. Disparate impacts on the U.S. automotive sector; 

’Conference Report on H.R. 4475, Department of Transportation and 
Related Agencies Appropriations Act, 2001. Report 106-940, as published 
in the Congressional Record, October 5, 2000, pp. H8892-tI9004. 

4. The effect on U.S. employment in the automotive 

5 .  The effect on the automotive consumer; and 
6. The effect of requiring separate CAFE calculations for 

sector; 

domestic and nondomestic fleets. 

In response to this request, the National Research Coun- 
cil (NRC) established the Committee on the Effectiveness 
and Impact of Corporate Average Fuel Economy (CAFE) 
Standards. In consultation with DOT, the NRC developed a 
statement of work for the committee. The committee’s work 
was to emphasize recent experience with CAFE standards, 
the impact of possible changes, and the stringency and/or 
structure of the CAFE program in future years. The commit- 
tee held its first meeting in early February 2001. In effect, 
since the congressional appropriations language asked for 
the report by July 1, 2001, the committee had less than 5 
months (from February to late June) to complete its analysis 
and prepare a report for the National Research Council’s ex- 
ternal report review process. In its findings and recommen- 
dations, the committee has noted where analysis is limited 
and further study is needed. 

Following the release of the prepublication copy of this 
report in July 2001, the committee reviewed its technical 
and economic analyses. Several changes were made to the 
results, as reported in a letter report released in January 2002, 
which is reprinted in Appendix F below. These changes have 
been incorporated in this report also. 

The CAFE program has been controversial since its in- 
ception. Sharp disagreements exist regarding the effects of 
the program on the fuel economy of the U.S. vehicle fleet, 
the current mix of vehicles in that fleet, the overall safety of 
passenger vehicles, the health of the domestic automobile 
industry, employment in that industry, and the well-being of 
consumers. It is this set of concerns that the committee was 
asked to address. 

These concerns are also very much dependent on one an- 
other. For example, if fuel economy standards were raised, 

.% 
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the manner in which automotive manufacturers respond 
would affect the purchase price, attributes, and performance 
of their vehicles. For this reason, the mix of vehicles that a 
given manufacturer sells could change, perhaps resulting in 
a greater proportion of smaller and lighter vehicles; this, in 
turn, could have safety implications, depending on the even- 
tual mix of vehicles that ended up on the road. If consumers 
are not satisfied with the more fuel-efficient vehicles, that in 
turn could affect vehicle sales, profits, and employment in 
the industry. Future effects would also depend greatly on the 
real price of gasoline; if it is low, consumers would have 
little interest in fuel-efficient vehicles. High fuel prices 
would have just the opposite effect. In addition, depending 
on the level at which fuel economy targets are set and the 
time the companies have to implement changes, differential 
impacts across manufacturers would probably occur depend- 
ing on the types of vehicles they sell and their competitive 
position in the marketplace. Thus, understanding the impact 
of potential changes to CAFE standards is, indeed, a difficult 
and complex task. 

In addition to the requirement that companies meet sepa- 
rate fleet averages for the automobiles and light-duty trucks 
they sell, there are other provisions of the CAFE program 
that affect manufacturers’ decisions. For example, a manu- 
facturer must meet the automobile CAFE standard separately 
for both its import and its domestic fleet (the two-fleet rule), 
where a domestic vehicle is defined as one for which at least 
75 percent of its parts are manufactured in the United States. 
Also, CAFE credits can be earned by manufacturers that pro- 
duce flexible-fuel vehicles, which can run interchangeably 
on gasoline or an alternative fuel, such as ethanol. 

W h y  care about fuel economy at all? It is tempting to say 
that improvements in vehicle fuel economy will save money 
for the vehicle owner in reduced expenditures for gasoline. 
The extent of the annual saving will depend on the level of 
improvement in the fuel economy (in miles per gallon of 
gasoline), the price of gasoline, and the miles traveled per 
year, as well as on the higher cost of the vehicle attributable 
to the fuel economy improvement. While a strong argument 
can be made that such savings or costs are economically 
relevant, that is not by itself a strong basis for public policy 
intervention. Consumers have a wide variety of opportuni- 
ties to exercise their preference for a fuel-efficient vehicle if 
that is an important attribute to them. Thus, according to this 
logic, there is no good reason for the government to inter- 
vene in the market and require new light-duty vehicles to 
achieve higher miles per gallon or to take other policy mea- 
sures designed to improve the fuel economy of the fleet. 

There are, however, other reasons for the nation to con- 
sider policy interventions of some sort to increase fuel 
economy. The most important of these, the committee be- 
lieves, is concern about the accumulation in the atmosphere 
of so-called greenhouse gases, principally carbon dioxide. 
Continued increases in carbon dioxide emissions are likely 
to further global warming. Concerns like those about climate 

change are not normally reflected in the market for new ve- 
hicles. Few consumers take into account the environmental 
costs that the use of their vehicle may occasion; in the par- 
lance of economics, this is a classic negative externality. 

A second concern is that petroleum imports have been 
steadily rising because of the nation’s increasing demand for 
gasoline without a corresponding increase in domestic sup- 
ply. The demand for gasoline has been exacerbated by the 
increasing sales of light trucks, which have lower fuel 
economy than automobiles. The high cost of oil imports 
poses two risks: downward pressure on the strength of the 
dollar (which drives up the costs of goods that Americans 
import) and an increase in U.S. vulnerability to macroeco- 
nomic shocks that cost the economy considerable real out- 
put. Some experts argue that these vulnerabilities are an- 
other form of externality that vehicle purchasers do not factor 
into their decisions but that can represent a true and signifi- 
cant cost to society. Other experts take a more skeptical view, 
arguing instead that the macroeconomic difficulties of the 
1970s (high unemployment coupled with very high inflation 
and interest rates) were due more to unenlightened monetary 
policy than to the inherent difficulties associated with high 
oil prices. Most would agree that reducing our nation’s oil 
import bill would have favorable effects on the terms of 
trade, and that this is a valid consideration in deliberations 
about fuel economy. 

The committee believes it is critically important to be 
clear about the reasons for considering improved fuel 
economy. Moreover, and to the extent possible, it is useful to 
try to think about how much it is worth to society in dollar 
terms to reduce emissions of greenhouse gases (by 1 ton, 
say) and reduce dependence on imported oil (say, by 1 bar- 
rel). If it is possible to assign dollar values to these favorable 
effects (no mean feat, the committee acknowledges), it be- 
comes possible to make at least crude comparisons between 
the beneficial effects of measures to improve fuel economy 
on the one hand, and the costs (both out-of-pocket and more 
subtle) on the other. 

In conducting its study, the committee first assessed the 
impact of the current CAFE system on reductions in fuel 
consumption, on emissions of greenhouse gases, on safety, 
and on impacts on the industry (see Chapters 1 and 2). To 
assess the potential impacts of modified standards, the com- 
mittee examined opportunities offered by the application 
of existing (production-intent) or emerging technologies, 
estimated the costs of such improvements, and examined 
the lead times that would typically be required to introduce 
such vehicle changes (see Chapter 3). The committee re- 
viewed many sources of information on technologies and 
the costs of improvements in fuel economy; these sources 
included presentations at its meetings and available reports. 
It also used consultants under its direction to facilitate its 
work under the tight time constraints of the study. Some of 
the consultants’work provided analyses and information 
that helped the committee better understand the nature of 



EXECUTIVE SUMMARY 

previous fuel economy analyses. In the end, however, the 
committee conducted its own analyses, informed by the 
work of the consultants, the technical literature, and pre- 
sentations at its meetings, as well as the expertise and judg- 
ment of its members, to arrive at its own range of estimates 
of fuel economy improvements and associated costs. Based 
on these analyses, the implications of modified CAFE stan- 
dards are presented in Chapter 4, along with an analysis of 
what the committee calls cost-efficient fuel economy lev- 
els. The committee also examined the stringency and struc- 
ture of the current CAFE system, and it assessed possible 
modifications to it, as well as alternative approaches to 
achieving higher fuel economy for passenger vehicles, 
which resulted in suggestions for improved policy instru- 
ments (see Chapter 5 ) .  

FINDINGS 
Finding 1. The CAFE program has clearly contributed to 
increased fuel economy of the nation’s light-duty vehicle 
fleet during the past 22 years. During the 1970s, high fuel 
prices and a desire on the part of automakers to reduce costs 
by reducing the weight of vehicles contributed to improved 
fuel economy. CAFE standards reinforced that effect. More- 
over, the CAFE program has been particularly effective in 
keeping fuel economy above the levels to which it might 
have fallen when real gasoline prices began their long de- 
cline in the early 1980s. Improved fuel economy has reduced 
dependence on imported oil, improved the nation’s terms of 
trade, and reduced emissions of carbon dioxide, a principal 
greenhouse gas, relative to what they otherwise would have 
been. If fuel economy had not improved, gasoline consump- 
tion (and crude oil imports) would be about 2.8 million bar- 
rels per day greater than it is, or about 14 percent of today’s 
consumption. 

Finding 2. Past improvements in the overall fuel economy 
of the nation’s light-duty vehicle fleet have entailed very 
real, albeit indirect, costs. In particular, all but two members 
of the committee concluded that the downweighting and 
downsizing that occurred in the late 1970s and early 1980s, 
some of which was due to CAFE standards, probably re- 
sulted in an additional 1,300 to 2,600 traffic fatalities in 
1993.2 In addition, the diversion of carmakers’ efforts to 
improve fuel economy deprived new-car buyers of some 
amenities they clearly value, such as faster acceleration, 
greater carrying or towing capacity, and reliability. 

ZA dissent by committee members David Greene and Maryann Keller on 
the impact of downweighting and downsizing is contained in Appendix A. 
They believe that the level of uncertainty is much higher than stated and 
that the change in the fatality rate due to efforts to improve fuel economy 
may have been zero. Their dissent is limited to the safety issue alone. 

3 

Finding 3. Certain aspects of the CAFE program have not 
functioned as intended: 

The distinction between a car for personal use and a 
truck for work use/cargo transport has broken down, 
initially with minivans and more recently with sport 
utility vehicles (SWs) and cross-over vehicles. The 
car/truck distinction has been stretched well beyond 
the original purpose. 
The committee could find no evidence that the two- 
fleet rule distinguishing between domestic and foreign 
content has had any perceptible effect on total employ- 
ment in the U.S. automotive industry. 
The provision creating extra credits for multifuel ve- 
hicles has had, if any, a negative effect on fuel econ- 
omy, petroleum consumption, greenhouse gas emis- 
sions, and cost. These vehicles seldom use any fuel 
other than gasoline yet enable automakers to increase 
their production of less fuel efficient vehicles. 

Finding 4. In the period since 1975, manufacturers have 
made considerable improvements in the basic efficiency of 
engines, drive trains, and vehicle aerodynamics. These im- 
provements could have been used to improve fuel economy 
and/or performance. Looking at the entire light-duty fleet, 
both cars and trucks, between 1975 and 1984, the technol- 
ogy improvements were concentrated on fuel economy: It 
improved by 62 percent without any loss of performance as 
measured by 0-60 mph acceleration times. By 1985, light- 
duty vehicles had improved enough to meet CAFE standards. 
Thereafter, technology improvements were concentrated 
principally on performance and other vehicle attributes (in- 
cluding improved occupant protection). Fuel economy re- 
mained essentially unchanged while vehicles became 20 per- 
cent heavier and 0-60 mph acceleration times became, on 
average, 25 percent faster. 

Finding 5. Technologies exist that, if applied to passenger 
cars and light-duty trucks, would significantly reduce fuel 
consumption within 15 years. Auto manufacturers are al- 
ready offering or introducing many of these technologies in 
other markets (Europe and Japan, for example), where much 
higher fuel prices ($4 to $5/gal) have justified their develop- 
ment. However, economic, regulatory, safety, and consumer- 
preference-related issues will influence the extent to which 
these technologies are applied in the United States. 

Several new technologies such as advanced lean exhaust 
gas aftertreatment systems for high-speed diesels and direct- 
injection gasoline engines, which are currently under devel- 
opment, are expected to offer even greater potential for re- 
ductions in fuel consumption. However, their development 
cycles as well as future regulatory requirements will influ- 
ence if and when these technologies penetrate deeply into 
the U.S. market. 

The committee conducted a detailed assessment of the 
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technological potential for improving the fuel efficiency of 
10 different classes of vehicles, ranging from subcompact 
and compact cars to S W s ,  pickups, and minivans. In addi- 
tion, it estimated the range in incremental costs to the con- 
sumer that would be attributable to the application of these 
engine, transmission, and vehicle-related technologies. 

Chapter 3 presents the results of these analyses as curves 
that represent the incremental benefit in fuel consumption 
versus the incremental cost increase over a defined baseline 
vehicle technology. Projections of both incremental costs 
and fuel consumption benefits are very uncertain, and the 
actual results obtained in practice may be significantly higher 
or lower than shown here. Three potential development paths 
are chosen as examples of possible product improvement 
approaches, which illustrate the trade-offs auto manu- 
facturers may consider in future efforts to improve fuel effi- 
ciency. 

Assessment of currently offered product technologies 
suggests that light-duty trucks, including S W s ,  pickups, and 
minivans, offer the greatest potential to reduce fuel consump- 
tion on a total-gallons-saved basis. 

Finding 6. In an attempt to evaluate the economic trade-offs 
associated with the introduction of existing and emerging 
technologies to improve fuel economy, the committee con- 
ducted what it called cost-efficient analysis. That is, the com- 
mittee identified packages of existing and emerging tech- 
nologies that could be introduced over the next 10 to 15 years 
that would improve fuel economy up to the point where fur- 
ther increases in fuel economy would not be reimbursed by 
fuel savings. The size, weight, and performance characteris- 
tics of the vehicles were held constant. The technologies, 
fuel consumption estimates, and cost projections described 
in Chapter 3 were used as inputs to this cost-efficient 
analysis. 

These cost-efficient calculations depend critically on the 
assumptions one makes about a variety of parameters. For 
the purpose of calculation, the committee assumed as fol- 
lows: (1) gasoline is priced at $1.50/gal, (2) a car is driven 
15,600 miles in its first year, after which miles driven de- 
clines at 4.5 percent annually, (3) on-the-road fuel econ- 
omy is 15 percent less than the Environmental Protection 
Agency’s test rating, and (4) the added weight of equipment 
required for future safety and emission regulations will ex- 
act a 3.5 percent fuel economy penalty. 

One other assumption is required to ascertain cost-effi- 
cient technology packages-the horizon over which fuel 
economy gains ought to be counted. Under one view, car 
purchasers consider fuel economy over the entire life of a 
new vehicle; even if they intend to sell it after 5 years, say, 
they care about fuel economy because it will affect the price 
they will receive for their used car. Alternatively, consumers 
may take a shorter-term perspective, not looking beyond, 
say, 3 years. This latter view, of course, will affect the iden- 
tification of cost-efficient packages because there will be 

many fewer years of fuel economy savings to offset the ini- 
tial purchase price. 

The full results of this analysis are presented in Chap- 
ter 4. To provide one illustration, however, consider a mid- 
size S W .  The current sales-weighted fleet fuel economy 
average for this class of vehicle is 21 mpg. If consumers 
consider only a 3-year payback period, fuel economy of 22.7 
mpg would represent the cost-efficient level. If, on the other 
hand, consumers take the full 14-year average life of a ve- 
hicle as their horizon, the cost-efficient level increases to 28 
mpg (with fuel savings discounted at 12 percent). The longer 
the consumer’s planning horizon, in other words, the greater 
are the fuel economy savings against which to balance the 
higher initial costs of fuel-saving technologies. 

The committee cannot emphasize strongly enough that 
the cost-efficient fuel economy levels identified in Tables 
4-2 and 4-3 in Chapter 4 are not recommended fuel economy 
goals. Rather, they are reflections of technological possibili- 
ties, economic realities, and assumptions about parameter 
values and consumer behavior. Given the choice, consumers 
might well spend their money on other vehicle amenities, 
such as greater acceleration or towing capacity, rather than 
on the fuel economy cost-efficient technology packages. 

Finding 7. There is a marked inconsistency between press- 
ing automotive manufacturers for improved fuel economy 
from new vehicles on the one hand and insisting on low real 
gasoline prices on the other. Higher real prices for gasoline- 
for instance, through increased gasoline taxes-would cre- 
ate both a demand for fuel-efficient new vehicles and an 
incentive for owners of existing vehicles to drive them less. 

Finding 8. The committee identified externalities of about 
$0.30/gal of gasoline associated with the combined impacts 
of fuel consumption on greenhouse gas emissions and on 
world oil market conditions. These externalities are not nec- 
essarily taken into account when consumers purchase new 
vehicles. Other analysts might produce lower or higher esti- 
mates of externalities. 

Finding 9. There are significant uncertainties surrounding 
the societal costs and benefits of raising fuel economy stan- 
dards for the light-duty fleet. These uncertainties include the 
cost of implementing existing technologies or developing 
new ones; the future price of gasoline; the nature of con- 
sumer preferences for vehicle type, performance, and other 
features; and the potential safety consequences of altered 
standards. The higher the target for average fuel economy, 
the greater the uncertainty about the cost of reaching that 
target. 

Finding 10. Raising CAFE standards would reduce future 
fuel consumption below what it otherwise would be; how- 
ever, other policies could accomplish the same end at lower 
cost, provide more flexibility to manufacturers, or address 
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inequities arising from the present system. Possible alter- 
natives that appear to the committee to be superior to the 
current CAFE structure include tradable credits for fuel 
economy improvements, fee bate^,^ higher fuel taxes, stan- 
dards based on vehicle attributes (for example, vehicle 
weight, size, or payload), or some combination of these. 

Finding 11. Changing the current CAFE system to one 
featuring tradable fuel economy credits and a cap on the 
price of these credits appears to be particularly attractive. It 
would provide incentives for all manufacturers, including 
those that exceed the fuel economy targets, to continually 
increase fuel economy, while allowing manufacturers flex- 
ibility to meet consumer preferences. Such a system would 
also limit costs imposed on manufacturers and consumers 
if standards turn out to be more difficult to meet than ex- 
pected. It would also reveal information about the costs of 
fuel economy improvements and thus promote better- 
informed policy decisions. 

Finding 12. The CAFE! program might be improved signifi- 
cantly by converting it to a system in which fuel economy 
targets depend on vehicle attributes. One such system would 
make the fuel economy target dependent on vehicle weight, 
with lower fuel consumption targets set for lighter vehicles 
and higher targets for heavier vehicles, up to some maxi- 
mum weight, above which the target would be weight-inde- 
pendent. Such a system would create incentives to reduce 
the variance in vehicle weights between large and small ve- 
hicles, thus providing for overall vehicle safety. It has the 
potential to increase fuel economy with fewer negative ef- 
fects on both safety and consumer choice. Above the maxi- 
mum weight, vehicles would need additional advanced fuel 
economy technology to meet the targets. The committee be- 
lieves that although such a change is promising, it requires 
more investigation than was possible in this study. 

Finding 13. If an increase in fuel economy is effected by a 
system that encourages either downweighting or the produc- 
tion and sale of more small cars, some additional traffic fa- 
talities would be expected. However, the actual effects would 
be uncertain, and any adverse safety impact could be mini- 
mized, or even reversed, if weight and size reductions were 
limited to heavier vehicles (particularly those over 4,000 lb). 
Larger vehicles would then be less damaging (aggressive) in 
crashes with all other vehicles and thus pose less risk to other 
drivers on the road. 

Finding 14. Advanced technologies-including direct- 
injection, lean-bum gasoline engines; direct-injection com- 

pression-ignition (diesel) engines; and hybrid electric ve- 
hicles-have the potential to improve vehicle fuel economy 
by 20 to 40 percent or more, although at a significantly 
higher cost. However, lean-burn gasoline engines and die- 
sel engines, the latter of which are already producing large 
fuel economy gains in Europe, face significant technical 
challenges to meet the Tier 2 emission standards estab- 
lished by the Environmental Protection Agency under the 
1990 amendments to the Clean Air Act and California’s 
low-emission-vehicle (LEV II) standards. The major prob- 
lems are the Tier 2 emissions standards for nitrogen oxides 
and particulates and the requirement that emission control 
systems be certified for a 120,000-mile lifetime. If direct- 
injection gasoline and diesel engines are to be used exten- 
sively to improve light-duty vehicle fuel economy, signifi- 
cant technical developments concerning emissions control 
will have to occur or some adjustments to the Tier 2 emis- 
sions standards will have to be made. Hybrid electric ve- 
hicles face significant cost hurdles, and fuel-cell vehicles 
face significant technological, economic, and fueling in- 
frastructure barriers. 

Finding 15. Technology changes require very long lead 
times to be introduced into the manufacturers’ product lines. 
Any policy that is implemented too aggressively (that is, in 
too short a period of time) has the potential to adversely 
affect manufacturers, their suppliers, their employees, and 
consumers. Little can be done to improve the fuel economy 
of the new vehicle fleet for several years because production 
plans already are in place. The widespread penetration of 
even existing technologies will probably require 4 to 8 years. 
For emerging technologies that require additional research 
and development, this time lag can be considerably longer. 
In addition, considerably more time is required to replace 
the existing vehicle fleet (on the order of 200 million ve- 
hicles) with new, more efficient vehicles. Thus, while there 
would be incremental gains each year as improved vehicles 
enter the fleet, major changes in the transportation sector’s 
fuel consumption will require decades. 

RECOMMENDATIONS 
Recommendation 1. Because of concerns about greenhouse 
gas emissions and the level of oil imports, it is appropriate 
for the federal government to ensure fuel economy levels 
beyond those expected to result from market forces alone. 
Selection of fuel economy targets will require uncertain and 
difficult trade-offs among environmental benefits, vehicle 
safety, cost, oil import dependence, and consumer prefer- 
ences. The committee believes that these trade-offs right- 
fully reside with elected officials. 

3Feebates are taxes on vehicles achieving less than the average fuel 
economy coupled with rebates to vehicles achieving better than average 
fuel economy. 

Recommendation 2. The CAFE system, or any alternative 
regulatory system, should include broad trading of fuel 
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economy credits. The committee believes a trading system 
would be .less costly than the current CAFE system; provide 
more flexibility and options to the automotive companies; 
give better information on the cost of fuel economy changes 
to the private sector, public interest groups, and regulators; 
and provide incentives to all manufacturers to improve fuel 
economy. Importantly, trading of fuel economy credits 
would allow for more ambitious fuel economy goals than 
exist under the current CAFE system, while simultaneously 
reducing the economic cost of the program. 

Recommendation 3. Consideration should be given to de- 
signing and evaluating an approach with fuel economy 
targets that are dependent on vehicle attributes, such as ve- 
hicle weight, that inherently influence fuel use. Any such 
system should be designed to have minimal adverse safety 
consequences. 

Recommendation 4. Under any system of fuel economy 
targets, the two-fleet rule for domestic and foreign content 
should be eliminated. 

' OF CORPORATE AVERAGE FUEL ECONOMY (CAFE} STANDARDS 

Recommendation 5. CAFE credits for dual-fuel vehicles 
should be eliminated, with a long enough lead time to limit 
adverse financial impacts on the automotive industry. 

Recommendation 6. To promote the development of 
longer-range, breakthrough technologies, the government 
should continue to fund, in cooperation with the automotive 
industry, precompetitive research aimed at technologies to 
improve vehicle fuel economy, safety, and emissions. It is 
only through such breakthrough technologies that dramatic 
increases in fuel economy will become possible. 

Recommendation 7. Because of its importance to the fuel 
economy debate, the reIationship between fuel economy and 
safety should be clarified. The committee urges the National 
Highway Traffic Safety Administration to undertake addi- 
tional research on this subject, including (but not limited to) 
a replication, using current field data, of its 1997 analysis of 
the relationship between vehicle size and fatality risk. 
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Introduction 

Fuel economy is attracting public and official attention in 
a way not seen for almost two decades. Gasoline prices have 
risen sharply over the past 2 years and fluctuated unpredict- 
ably. Moreover, concerns have developed over the reliabil- 
ity of the gasoline supply, particularly during peak driving 
seasons. Evidence also continues to accumulate that global 
climate change must be taken seriously. U.S. cars and trucks 
are responsible for a nonnegligible fraction of the world’s 
annual emissions of carbon dioxide, the most important 
greenhouse gas. 

Is it time to require cars and trucks to achieve a higher 
level of fuel economy? Or do such regulations do more harm 
than good? These questions led Congress to request a study 
from the National Academy of Sciences. 

This report is the result of a very short, very intense study 
by a committee assembled to answer these questions (see 
Appendix B for biographies of committee members). It is 
intended to help policy makers in Congress and the execu- 
tive branch and those outside the government determine 
whether and how fuel economy standards should be changed. 
Insofar as possible, it assesses the impact of fuel economy 
regulation on vehicles, energy use, greenhouse gas emis- 
sions, automotive safety, the automotive industry, and the 
public. 

This report is the successor to another National Research 
Council (NRC) report on the subject and owes a great debt to 
the committee that prepared that report. The earlier commit- 
tee began its work in May of 1991 as the Committee on Fuel 
Economy of Automobiles and Light Trucks, following a re- 
quest from the Federal Highway Administration and the 
National Highway Traffic Safety Administration. It was the 
charge of that committee (the fuel economy committee) to 
study both the feasibility and the desirability of a variety of 
efforts to improve the fuel economy of the light-duty vehicle 
fleet in the United States. More than a year later, the com- 
mittee issued its report, Automotive Fuel Economy: How Far 
Should We Go? (NRC, 1992). 

It is difficult to summarize neatly the conclusions of that 
report. Briefly, though, the fuel economy committee found 
in 1992 as follows: 

“Practically achievable” improvements in vehicle fuel 
economy were possible, and these improvements 
would lie between, on the one hand, what would hap- 
pen with no government intervention and, on the other, 
the results of implementing all technologically pos- 
sible efficiency-enhancing measures without regard to 
cost, safety, or other important factors. 
Despite considerable uncertainty on this issue, if 
downweighting was used to improve fuel economy, 
there would probably be an adverse effect on passen- 
ger safety, all else being equal. 
While emissions standards for new cars had obvious 
advantages, they could make it more difficult to im- 
prove automobile fuel economy. 
The automobile manufacturing industry, which was in 
a sharp downturn in 1992, could be harmed by fuel 
economy standards “of an inappropriate form” that 
increased new car prices and hurt sales, or that shifted 
purchases to imported vehicles. 
When gasoline prices were low, consumers had lim- 
ited interest in purchasing vehicles with high fuel 
economy, unless those same vehicles also delivered 
the performance characteristics-horsepower, accel- 
eration, options-that consumers appeared to desire. 
Finally, a variety of alternatives to the then-current cor- 
porate average fuel economy standards should be con- 
sidered, including changing the form of the program, 
increasing the price of gasoline, and adopting a system 
of taxes and rebates to discourage the production of 
“gas guzzlers” and reward “gas sippers.” 

Now, nearly a decade after the 1992 study began, another 
NRC committee has completed its work (see Appendix C for 

7 
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a list of the committee’s meetings and site visits). While cre- 
ated to look at some of the same issues as the earlier group, 
the Committee on the Effectiveness and Impact of Corporate 
Average Fuel Economy (CAFE) Standards was born of a 
different time and directed to address a somewhat different 
set of concerns. For instance, the impetus for the earlier com- 
mittee was a sharp, though temporary, increase in oil and 
gasoline prices in the wake of the Gulf War. Despite a recent 
increase in oil and gasoline prices related to two factors- 
the renewed pricing power of the Organization of Petroleum 
Exporting Countries (OPEC) and capacity constraints in the 
domestic refining industry-no serious supply interruptions 
motivated this report. 

Similarly, and as was reflected in its findings, the earlier 
committee was charged with examining a wide variety of 
approaches that could improve the fuel economy of the pas- 
senger vehicle fleet, including changes in required fuel 
economy standards, increases in gasoline taxes, subsidies for 
the production of fuel-efficient vehicles, and enhanced re- 
search and development programs. The present committee 
had a much narrower charge. It was directed by Congress, 
acting through the Department of Transportation (DOT), to 
concentrate on the impact and effectiveness of Corporate 
Average Fuel Economy (CAFE) standards originally man- 
dated in the Energy Policy and Conservation Act of 1975. 
These standards (which have been set at various times both 
by Congress and by the National Highway Traffic Safety 
Administration W S A ] )  establish mandatory fuel efficien- 
cies-in the form of required miles-per-gallon (mpg) goals- 
for fleets of passenger cars and light-duty trucks, which in- 
cluded the popular sport utility vehicles (SWs) beginning 
with the model year (My) 1978.’ 

It is fair to say that the CAFE program has been contro- 
versial since its inception. There are sharp disagreements 
about the effects of the program on the fuel efficiency of the 
US. vehicle fleet, the current mix of vehicles in that fleet, 
the overall safety of passenger vehicles, the health of the 
domestic automobile industry, employment in the industry, 

‘The Corporate Average Fuel Economy program is designed to improve 
the efficiency of the light-duty vehicle fleet, both automobiles and trucks. It 
requires vehicle manufacturers to meet a standard in miles per gallon (mpg) 
for the fleet they produce each year. The standard for automobiles is 27.5 
mpg, and for light trucks it is 20.7 rnpg. Companies are fined if their fleet 
average is below the CAFE standard, but various provisions allow flexibil- 
ity, such as averaging with past and expected fleet averages. Imported and 
domestic automobile fleets must meet the same standards but are counted 
separately (trucks are not). The program is administered by the National 
Highway Traffic Safety Administration (NHTSA) of the Department of 
Transportation. 

Testing is done by manufacturers and spot checked by the Environmen- 
tal Protection Agency. Vehicles are tested on a dynamometer in a labora- 
tory (to eliminate weather and road variables). Both city and highway driv- 
ing are simulated and the results combined to compare with the standard. 
Further information can be found at <http://www.nhtsa.dot.gov/cars/prob- 
lems/studies/fuelecon/index.html> and <http://www.epa.gov/otaq/mpg. 
htm>. 

and the well-being of consumers. It is this set of concerns 
and other things that the present committee was asked to 
address. 

But why care about fuel economy at all? It is essential to 
be clear about the motives for any effort to boost the fuel 
economy of the vehicle fleet. It is tempting to say that we 
should care about fuel economy because vehicles that have 
higher fuel economy ratings (in mpg) will save their owners 
money. For instance, a car that gets 25 mpg and is driven 
15,000 miledyear uses 600 gaIlons/year of gasoline. Boost- 
ing the fuel economy of that car by 20 percent (from 25 to 30 
mpg) would save 100 gallons annually-$lSO if the price of 
gasoline is assumed to be $1.50/gaIl0n.~ The undiscounted 
savings over an assumed 10-year lifetime would be $1,500. 
Note that another 5 mpg improvement in fuel economy- 
from 30 to 35 mpg-would save only about 70 gallons annu- 
ally, or slightly more than $100. Increases in fuel economy 
show sharply diminishing returns, an important point in the 
fuel economy debate. 

Yet a strong argument can be made that while these sav- 
ings are economically relevant, they are not a sufficient ba- 
sis for public policy intervention. First, consumers already 
have a wide variety of opportunities if they are interested in 
better gas mileage. There are many makes and models, all 
readily available, that get much better than average fuel 
economy. Second, the differences in fuel economy between 
vehicles are relatively clear to new car buyers. The Environ- 
mental Protection Agency (EPA)-rated fuel economy for 
each vehicle, in both highway and city driving, is promi- 
nently displayed on a sticker on the side of each new car 
sold. While there are some discrepancies between the EPA 
fuel economy ratings and buyers’ actual experience in on- 
the-road driving, that constitutes a rationale not for requiring 
the new vehicle fleet to get better gas mileage but for requir- 
ing more accurate fuel economy information on the stickers. 

Taking these two points together, it is easy to see that 
while improved fuel economy saves consumers money, they 
are quite likely to be both aware of this fact and in a good 
position to exercise their preference for a more fuel-efficient 
vehicle if fuel efficiency is an important attribute to them, 
According to this logic, there is no good reason for the gov- 
ernment to intervene and require new cars to get better gas 
mileage, or to take other policy measures designed to im- 
prove the fuel economy of the fleet. 

There are, however, other reasons for the nation to con- 
sider policy interventions of some sort to boost fuel econ- 
omy. The most important of these, the committee believes, 
is concern about the accumulation in the atmosphere of so- 
called greenhouse gases, principally carbon dioxide (CO,) 
OPCC, 2001; NRC, 2001). Cars and light-duty trucks in the 

*Note how small these savings are in relation to the other costs of oper- 
ating a car each year, such as insurance, vehicle registration fees, parking, 
and, in a number of states, significant personal property taxes. This point is 
addressed later in this report. 

http://www.nhtsa.dot.gov/cars/prob
http://www.epa.gov/otaq/mpg
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United States account for slightly less than 20 percent of 
annual US.  emissions of CO,; since the United States ac- 
counts for about 25 percent of annual global emissions, these 
vehicles are responsible for about 5 percent of worldwide 
annual emissions. Thus, improving the fuel economy of the 
passenger-car and light-duty-truck fleet would have a non- 
trivial impact on global CO,  emission^.^ 

These concerns have been heightened by a series of re- 
ports from the Intergovernmental Panel on Climate Change 
(IPCC), a collection of the world’s leading climate scien- 
tists. The most recent report suggests that (1) atmospheric 
concentrations of CO, and other greenhouse gases are con- 
tinuing to increase, (2) the average surface temperature 
of Earth has increased significantly in the last 1 0 0  years, (3) 
a causal relationship probably exists between 1 and 2, and 
(4) continued increases in CO, emissions could lead to glo- 
bal warming, which would have serious adverse conse- 
quences for both plant and animal life on Earth. While also 
emphasizing the great uncertainties pertaining to climate 
change, a recent report by the NRC confirmed that “the con- 
clusion of the IPCC that the global warming that has oc- 
curred in the last 50 years is likely the result of increases in 
greenhouse gases accurately reflects the current thinking of 
the scientific community” (NRC, 2001). 

Concerns about climate change are not normally reflected 
in the market for new vehicles. In this market, the costs that 
consumers can be expected to take into account are those 
they will bear directly, including the purchase price of the 
car and its likely repair costs and resale value over time, 
expected fuel costs, insurance, taxes, registration, and other 
costs. Few consumers take into account the environmental 
costs that the use of their vehicles may occasion. In the par- 
lance of economics, this is a classic negative externality, and 
it is to be expected that too little fuel economy would be 
purchased in this case. For that reason, it is appropriate for 
the government to consider measures that would better align 
the signals that consumers face with the true costs to society 
of their use of vehicles. These measures could be of many 
types-from simple taxes on gasoline designed to internal- 
ize the externality to regulatory requirements designed to 
improve the fuel economy of the vehicles people buy. 

There is another reason for concern about automotive fuel 
economy. In the wake of the oil supply interruptions of the 
middle and late 1970s, petroleum imports fell as a share of 

3At first blush, it might also appear to be the case that fuel economy is 
important because of the more common air pollutants for which vehicles 
are responsible-for instance, the precursors to smog (hydrocarbons and 
oxides of nitrogen), particulate matter, and carbon monoxide. However, 
automakers are required to meet emissions standards for these pollutants 
that are denominated in terms of grams per mile traveled. Thus, it should 
make no difference for emissions of these pollutants whether a car has 
burned 1 gallon to go 20 miles or 10 gaIlons-the emissions must be the 
same. The committee notes, however, that a number of the vehicles achiev- 
ing high fuel economy also have emission rates that are well below the 

petroleum use. During the 1990s, however, this trend began 
to reverse. By 2000, imports hit an all-time high of 56 per- 
cent of petroleum use and continue to rise. If the petroleum 
exporters reinvested in the United States all the dollars paid 
to them, it would not ipso facto be a bad thing. In fact, sig- 
nificant reinvestment has occurred. But such reinvestment 
may not always be the case, and excessively high levels of 
imports can put downward pressure on the strength of the 
dollar (which would drive up the cost of goods that Ameri- 
cans import) and, possibly, increase U.S. vulnerability to 
macroeconomic instability that can cost the economy con- 
siderable real output. 

Some experts argue that these vulnerabilities are another 
form of externality-that is, they are an effect that car buy- 
ers do not factor into their decisions but that can represent a 
true and significant cost to society (see Greene and Tish- 
chishyna, 2000). These experts believe that this justifies 
government intervention of some sort. Others take a more 
skeptical view, arguing instead that the macroeconomic dif- 
ficulties of the 1970s (high unemployment coupled with very 
high inflation and interest rates) were due more to unenlight- 
ened monetary policy than to the inherent difficulties associ- 
ated with high oil prices (Bohi, 1989). Either way, no one 
can deny that reducing our nation’s oil import bill would 
have favorable effects on the terms of trade, and that this is a 
valid consideration in deliberations about fuel economy. 

This committee believes it is critically important to be 
clear about the reasons for considering improved fuel 
economy. Moreover, and to the greatest extent possible, it is 
useful to try to think about how much it is worth to society in 
dollar terms to reduce emissions of greenhouse gases (by 
1 ton, say) and reduce dependence on imported oil (by 
1 barrel, say). If it is possible to assign dollar values to these 
favorable effects (no mean feat, the committee acknowl- 
edges), it becomes possible to make at least crude compari- 
sons between the beneficial effects of measures to improve 
fuel economy on the one hand, and the costs (both out-of- 
pocket and more subtle) on the other. 

Having explained why fuel economy matters, why did 
Congress request a study and why did the NRC create a new 
committee to examine the issue of CAFE standards? After 
all, not 10 years have passed since the issuance of the 1992 
NRC report, and the current committee believes strongly that 
the 1992 NRC report is still an excellent place to begin for 
anyone interested in the fuel economy issue. 

In fact, a number of things have changed since the 1992 
NRC report that make a reexamination both timely and valu- 
able. Although each of these changes is examined in some- 
what more detail in subsequent chapters, it is worth touching 
on the most important ones here. 

First, there have been significant changes in the automo- 
bile industry in the last decade. The committee believes it is 
now virtually meaningless to speak of a U S .  auto company 
or a Japanese auto company. Today there is a handful of 

statutory limits. very large companies that both manufacture and sell vehicles 
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around the world. For instance, the General Motors Corpo- 
ration (GM) has acquired all of Saab and Hummer, half of 
Isuzu, and a minority share of Suzuki and Fuji Heavy Indus- 
tries (the makers of Subaru). GM has acquired 20 percent of 
Fiat Auto S.p.A. (which includes Alfa Romeo), with a full 
takeover possible, and GM is also in negotiations to acquire 
Daewoo Motors. For its part, the Ford Motor Company 
(Ford) has acquired all of Volvo, Jaguar, Aston Martin, and 
Land Rover, along with a 35 percent stake in Mazda. 
DaimIerChrysler (itself the product of the largest merger in 
the history of the auto industry and one of the largest corpo- 
rate mergers of any type ever) now owns 30 percent of 
Mitsubishi and 10 percent of Hyundai (Kia). Volkswagen 
owns all of Rolls-Royce, Bugatti, and Skoda, while Renault 
has a controlling interest in Nissan as well as Nissan Diesel, 
and Renault/Nissan has taken over Samsung. Ford and GM 
have equity stakes in Russian and eastern European assem- 
blers as well. In other words, the auto industry is much, much 
more concentrated and more global in 2001 than it was in 
1991, when the previous committee began its work. 

Perhaps equally important, Toyota, Honda, and Nissan- 
“foreign car makers” whose imports to the United States 
were a great source of concern a decade ago-all have estab- 
lished significant manufacturing facilities in the United 
States. This has blurred the distinction between domestic and 
imported cars, a distinction that was important at the time 
the original CAFE standards were put in place, and is rel- 
evant to current deliberations about the future of the CAFE 
program. Further blurring any distinctions that used to make 
sense about imports vs. domestic cars is the North American 
Free Trade Agreement (NAFTA). 

Related to these changes in market structure has been a 
rather significant change in the financial well-being of the 
U.S. auto industry and the employment prospects of those 
who work in it. The United States has always been the larg- 
est and most consistently profitable vehicle market in the 
world, attracting most vehicle producers to sell vehicles to 
it. In recent years, the U.S. market has been strengthened by, 
among other things, the scale economies resulting from the 
mergers discussed above; the remarkable performance of the 
U.S. economy during the 1990s; and the exploding popular- 
ity of minivans, pickup trucks, and sport utility vehicles 
(SUVs). Automakers headquartered in the United States re- 
gained their financial health and, with the exception of the 
Chrysler component of DaimlerChrysler, the balance sheets 
of the carmakers were in good shape! During the 1990s, 
Ford, GM, and Chrysler bought back billions of dollars of 
their own shares with the excess cash they generated and 
invested heavily in other businesses, ranging from financial 
services to car repair and salvage. At the same time, employ- 
ment in the U.S. auto industry reached a new peak as foreign 
and domestic manufacturers expanded capacity at existing 

This will not be the case if the U.S. economy enters a protracted down- 
turn and/or if profits on light-duty trucks narrow significantly. 

plants, and foreign manufacturers invested in new auto as- 
sembly and parts plants. 

Another significant change over the last decade has to do 
with the trend in automobile fuel economy. At the time of 
the 1992 report, the average fuel economy of the entire U.S. 
light-vehicle fleet had just begun to decrease after nearly 15 
years of improvements totaling more than 66 percent (see 
Chapter 2). By 2000, however, overall light-vehicle fuel 
economy had not only failed to reverse the trend seen be- 
tween 1988 and 1991 but had fallen still farther-it is now 
about 7 percent lower than at its peak in 1987-1988 @PA, 

This change, in turn, is almost a direct consequence of 
another dramatic change in the automobile market, one fa- 
miliar to each and every driver and passenger-the shift 
in the mix of vehicles on the road away from traditional 
passenger cars and toward S U V s ,  pickup trucks, and vans 
(which, collectively, are referred to as light-duty trucks). As 
recently as 1975 (the year the CAFE program was legislated 
into existence), traditional passenger cars accounted for fully 
80 percent of the light vehicle market. By 2000, the light- 
duty truck component of the light vehicle market had grown 
to 46 percent, and its share is expected to exceed that of 
passenger cars for the first time in 2001. Because new light- 
duty trucks sold are required to meet a fleet average fuel 
economy standard of 20.7 mpg compared with the 27.5 mpg 
standard that currently applies to the passenger car fleet, this 
shift has been pulling down the overall fuel economy of the 
light vehicle fleet. 

Moreover, a new type of vehicle has appeared on the 
market and is growing in popularity. This is the crossover 
vehicle (a light truck), which has the appearance of an S W  
and many of its characteristics but which is built on a pas- 
senger car platform rather than a light truck platform (ex- 
amples are the Lexus RX-300 and the Toyota RAV-4). It is 
too soon to predict whether these vehicles will penetrate 
deeply into the light-duty vehicle market and what their 
effect would be if they do (for instance, will they replace 
station wagons and large cars, worsening overall fuel 
economy, or will they become smaller and more fuel- 
efficient substitutes for larger SWs?). It is a change that 
bears close watching. 

Another development since 1992 has to do with new tech- 
nologies for vehicular propulsion. For instance, both Toyota 
(the Prius) and Honda (the Insight) have already introduced 
into the vehicle market the first hybrid-electric passenger 
cars-vehicles that combine a traditional internal combus- 
tion engine powered by gasoline with an electric motor that 
assists the engine during acceleration. These cars recapture 
some of the energy lost during braking and can shut off their 
engines instead of idling, with almost instant restart, both of 
which are important energy-saving features. The Insight, 
which seats two passengers and weighs about 2,000 lb, has 
an EPA rating of 61 mpg in city driving and 70 mpg in high- 
way driving. The Prius gets 52 mpg in the city and 45 mpg 

2000). 
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on the highway. Ford has announced it will begin selling a 
hybrid S U V ,  the Escape, in 2004 and has pledged to boost 
the fuel economy of its S U V s  by 25 percent by 2004. GM 
and DaimIerChrysler have pledged to outdo any improve- 
ments Ford makes on S U V  fuel economy. 

At the same time, there is great excitement and a steady 
stream of progress reports about the fuel cell. Fuel cells hold 
promise for alleviating the problems associated with fossil 
fuel combustion in both stationary (e.g., electric power plant) 
and mobile (e.g., vehicle power plant) sources. This is be- 
cause they produce power without the combustion processes 
that generate conventional air pollutants such as particulate 
matter, CO,, and other undesirable by-products (see Chapter 
4, Attachment 4A, for a discussion of full fuel-cycle im- 
pacts). Moreover, the fuel cell and other alternative tech- 
nologies have been given a boost by the governmenthndus- 
try cooperative venture Partnership for a New Generation of 
Vehicles (PNGV), aimed at the development of a midsize 
automobile that is safe, affordable, and capable of getting 
dramatically better fuel economy (up to 80 mpg) (NRC, 
2000). 

Technologies have changed in other respects as well since 
the earlier 1992 NRC report. During the 1990s, automakers 
improved the performance characteristics of their light-duty 
vehicles considerably. For instance, the horsepower-to- 
weight ratio for passenger cars and light trucks is up about 
50 percent since 1981. Similarly, the time it takes for a ve- 
hicle to accelerate from 0 to 60 miles per hour has fallen 26 
percent since 1981-and 2 percent in the l i s t  year alone. 
Another way of saying this is that automakers have indeed 
made considerable technological advances in the cars and 
light trucks they made and sold during the last decade. But 
these advances have almost all been aimed at making cars 
faster and more powerful, at selling more and heavier light 
trucks, and at equipping vehicles with other extras (heated 
seats, power windows, and cruise control, for example) 
rather than at making them more fuel efficient. This is per- 
fectly understandable, incidentally, given the apparent lack 
of interest in fuel economy on the part of the car-buying 
public at mid-2001 gasoline prices. 

Since the 1992 NRC report, moreover, EPA has issued 
new Tier 2 emissions standards under the 1990 amendments 
to the Clean Air Act. These standards affect not only ernis- 
sions but also certain technologies such as the advanced 
diesel engine that could be used to improve overall fuel 
economy. 

A final factor suggests a fresh look at fuel economy and 
the way in which it has been and could be affected by the 
CAFE program. Specifically, over the last 20 years-and 
perhaps particularly over the last decade-there has been a 
steady increase in the attention that car buyers pay to safety 
concerns. This is one of the causes of the steady, long-term 
decline in the fatality rate per vehicle mile traveled. What- 
ever the reason, safety “sells” in a way that was almost in- 
conceivable two decades ago. This is germane to the 

committee’s work because the possible effects on safety of 
the original CAFE program, as well as the effects on safety 
that a renewed effort to improve fuel economy would have, 
have been perhaps the most controversial aspect of the pro- 
gram. Because we now have another decade’s worth of re- 
search on the determinants of vehicle safety, a fresh look at 
automotive fuel economy is warranted. 

SCOPE AND CONDUCT OF THE STUDY 
In legislation for fiscal year 200 1, Congress requested that 

the National Academy of Sciences, in consultation with 
DOT, conduct a study to evaluate the effectiveness and im- 
pacts of CAFE ~tandards.~ In particular, it asked that the 
study examine the following, among other factors: 

1. 

2. 

3. 
4. 

5 .  
6. 

In 

The statutory criteria (economic practicability, tech- 
nological feasibility, need for the United States to con- 
serve energy, the classification definitions used to dis- 
tinguish passenger cars from light trucks, and the effect 
of other regulations); 
The impact of CAFE standards on motor vehicle 
safety; 
Disparate impacts on the U.S. automotive sector; 
The effect on U.S. employment in the automotive 
sector; 
The effect on the automotive consumer; and 
The effect of requiring separate CAFE calculations for 
domestic and nondomestic fleets. 

consultation with DOT, a statement of work for the 
committee was developed (see Appendix D). The com- 
mittee’s work was to emphasize recent experience with 
CAFE standards, the impact of possible changes, and the 
stringency andor structure of the CAFE program in future 
years. 

The committee conducted numerous meetings and made 
several site visits during the short time frame of this study. It 
held open sessions during several of its meetings to receive 
presentations from a wide variety of individual experts and 
representatives of the private sector, nongovernmental orga- 
nizations, environmental groups, and government and to col- 
lect information and data on the various issues related to 
CAFE standards. Also, many reports, statements, and analy- 
ses were submitted to the committee for its review. The corn- 
mittee also used consultants under its direction to facilitate 
its work under the tight time constraints of the study. For 
example, Energy and Environmental Analysis, Inc. (EEA) 
conducted analyses of potential improvements in fuel 
economy and related costs for a number of different vehicle 
classes. Sierra Research provided insight to the committee 

’Conference Report on H.R. 4475, Department of Transportation and 
Related Agencies Appropriations Act, 2001. Report 106-940, as published 
in the Congressional Record, October 5, 2000, pp. H8892-H9004. 
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on fuel economy improvements and costs, based on work it 
had done for the automotive companies. In the end, how- 
ever, the committee conducted its own analyses, informed 
by the work of the consultants, the technical literature, pre- 
sentations at its meetings, material submitted to it, and the 
expertise and judgment of the committee members, to arrive 
at its own range of estimates for fuel economy improvements 
and associated costs. 

In conducting its study, the committee first assessed the 
impact of the current CAFE system on reductions in fuel 
consumption, on greenhouse gases, on safety, and on im- 
pacts on the industry (see Chapter 2). To assess what the 
impacts of changed fuel economy standards might be, it ex- 
amined opportunities for fuel efficiency improvements for 
vehicles with the use of existing or emerging technologies, 
estimated the costs of such improvements, and examined the 
lead times that would be required to introduce the vehicle 
changes (see Chapter 3). Based on these examinations, the 
implications for changed CAFE standards are presented in 
Chapter 4. The committee also examined the stringency and 
structure of the CAFE system and assessed possible modifi- 
cations of the system, as well as alternative approaches to 
achieving greater fuel economy for vehicles, which resulted 
in suggestions for improved policy instruments (see Chapter 
5). Chapter 6 contains the committee’s findings and recom- 
mendations. Appendix E is a list of acronyms and abbrevia- 
tions. 

Following the release of the prepublication copy of the 
report in July 2001, the committee reexamined its technical 
and economic analysis, as discussed in Appendix F. Minor 
changes have been made to some of the material in Chapters 
3 and 4 as a result of this reexamination, but the findings and 
conclusions are substantively unchanged. 
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The CAFE Standards: An Assessment 

Twenty-five years after Congress enacted the Corporate 
Average Fuel Economy (CAFE) standards, petroleum use in 
light-duty vehicles is at an all-time high. It is appropriate to 
ask now what CAFE has accomplished, and at what cost. 
This chapter begins by addressing energy and CAFE: What 
is the current rationale for fuel economy standards? How 
have vehicles changed, in particular in regard to fuel 
economy? What is the impact on oil consumption? The first 
section addresses a series of questions the committee was 
asked about the impact of CAFE. The second section ex- 
plores the impact of CAFE on the automotive industry. The 
final section reviews the impact on safety. 

Isolating the effects of CAFE from other factors affecting 
U.S. light-duty vehicles over the past 25 years is a difficult 
analytical task. While several studies have tried to estimate 
the specific impacts of CAFE on fuel economy levels and on 
highway safety, there is no comprehensive assessment of 
what would have happened had fuel economy standards not 
been in effect. Lacking a suitable baseline against which to 
compare what actually did happen, the committee was fre- 
quently unable to separate and quantify the impacts of fac- 
tors such as fuel prices or of policies such as the gas guzzler 
tax. Much of this report describes what happened before and 
after the implementation of the CAFE standards, with little 
or no isolation of their effects from those of other forces 
affecting passenger cars and light trucks. While this analyti- 
cal approach is less than ideal, it can provide some sense 
of whether the impacts were large or small, positive or 
negative. 

CAFE AND ENERGY 

Rationale for Fuel Economy Standards 

The nation’s dependence on petroleum continues to be an 
economic and strategic concern. Just as the 1992 committee 
(the fuel economy committee) cited the conflict in the Per- 
sian Gulf as evidence of the fragility of the world’s petro- 

leum supply, the current committee cites the oil price hikes 
of 1999 and 2000 as further evidence of the nation’s need to 
address the problem of oil dependence. The association be- 
tween oil price shocks and downturns in the U.S. economy 
(see Figure 2-1) has been documented by numerous studies 
over the past 20 years (for example, Hamilton, 1983 and 
1996; Hickman, 1987; Huntington, 1996; Mork et al., 1994). 
While the causes of recessions are complex and other fac- 
tors, such as monetary policy, play important roles, oil price 
shocks have clearly been a contributing factor (Darby, 1982; 
Eastwood, 1992; Tatom, 1993). Estimates of the cumulative 
costs to our economy of oil price shocks and noncompetitive 
oil pricing over the past 30 years are in the trillions of dollars 
(see, for example, Greene and Tishchishyna, 2000; EIA, 
2000c; DOE, 1991; Greene et al., 1998). 

Today, oil is a much less important share of the economy 
(expenditures on oil amount to 2 percent of the gross domes- 
tic product [GDP]) than it was in the early 1980s but ap- 
proximately the same as in 1973, the year of the first Arab- 
OPEC (Organization of Petroleum Exporting Countries) oil 
embargo. Still, U.S. oil imports now exceed 50 percent of 
consumption and are projected to increase substantially 
(EIA, 2000a, table A. 11). The U.S. transportation sector re- 
mains nearly totally dependent on petroleum, and passenger 
cars and light trucks continue to account for over 60 percent 
of transportation energy use (Davis, 2000, table 2.6). 

A second petroleum-related factor, possibly even more 
important, has emerged since CAFE was enacted: global cli- 
mate change. Scientific evidence continues to accumulate 
supporting the assertion that emissions of greenhouse gases 
from the combustion of fossil fuels are changing Earth’s cli- 
mate. 

International concern over the growing emissions of 
greenhouse gases from human activities has increased sub- 
stantially since the 1992 assessment of fuel economy by the 
National Research Council (NRC, 1992, pp. 70-71). The sci- 
entific evidence suggesting that emissions of CO, and other 
greenhouse gases are producing global warming, causing the 

13 
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FIGURE 2-1 Oil price shocks and economic growth, 1970-1999. SOURCE: Adapted from Greene and Tishchishyna (2000). 

sea level to rise, and increasing the frequency of extreme 
weather events has grown stronger (IPCC, 2001, pp. 1-17; 
NRC, 2001 j. Concern over the potentially negative conse- 
quences of global climate change has motivated the Euro- 
pean Union and Japan to take steps to reduce CO, emissions 
from passenger cars and light trucks by adopting new fuel 
economy standards (Plotkin, 2001). 

The transportation sector accounts for about 3 1 percent of 
anthropogenic CO, emissions in the U.S. economy; CO, ac- 
counts for over 80 percent of greenhouse gas emissions from 
the economy as a whole (EIA, 2000b). Since the United 
States produces about 25 percent of the world's greenhouse 
gases, fuel economy improvements could have a significant 
impact on the rate of CO, accumulation in the atmosphere. 
However, it should be noted that other sectors, particularly 
electricity, have far more potential for reducing CO, emis- 

sions economically PIA, 1998). Focusing on transportation 
alone would accomplish little. 

New Car and Light Truck Fuel Economy 

The CAFE standards, together with significant fuel price 
increases from 1970 to 1982, led to a near doubling of the 
fuel economy of new passenger cars and a 50 percent in- 
crease for new light trucks (NRC, 1992, p. 169) (see Figure 
2-2). While attempts have been made to estimate the relative 
contributions of fuel prices and the CAFE standards to this 
improvement (see, for example, Crandall et al., 1986; Leone 
and Parkinson, 1990; Greene, 1990; Nivola and Crandall, 
1995j, the committee does not believe that responsibility can 
be definitively allocated. Clearly, both were important, as 
were efforts by carmakers to take weight out of cars as a 
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FIGURE 2-2 Automotive fuel economy standards (AFES) and manufacturers' CAFE levels. SOURCE: Based on NRC (1992) and EPA 
(2000). 
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cost-saving measure. CAFE standards have played a leading 
role in preventing fuel economy levels from dropping as fuel 
prices declined in the 1990s. 

The increasing market share of higher fuel economy im- 
ported vehicles was also a factor in raising the average fuel 
economy of the U.S. fleet and decreasing its average size 
and weight. The market share of foreign-designed vehicles 
increased from 18 percent in 1975 to 29 percent in 1980 and 
41 percent in 2000. In 1975, the average foreign-designed 
vehicle achieved about 50 percent higher fuel economy than 
the average domestic vehicle. Foreign-designed vehicles also 
weighed about 40 percent (1,700 lb) less @PA, 2000, tables 
14 and 15). These differences have narrowed considerably 
over time, as shown below. 

Figure 2-2 suggests that the CAFE standards were not 
generally a constraint for imported vehicles, at least until 
1995, if then. Domestic manufacturers, on the other hand, 
made substantial fuel economy gains in line with what was 
required by the CAFE standards. The fuel economy numbers 
for new domestic passenger cars and light trucks over the 
past 25 years closely follow the standards. For foreign manu- 
facturers, the standards appear to have served more as a floor 
toward which their fuel economy descended in the 1990s. 

For the most part, the differing impacts of the CAFE stan- 
dards on domestic and foreign manufacturers were due to 
the different types of vehicles they sold, with foreign manu- 
facturers generally selling much smaller vehicles than do- 
mestic manufacturers. 

In 1975, when CAFE was enacted, 46 percent of the cars 
sold by domestic manufacturers were compacts or smalIer, 
while 95 percent of European imports and 100 percent of 
Asian imports were small cars. 

The difference between the product mix of domestic 
manufacturers and that of foreign manufacturers has dramati- 
cally narrowed since then. By 2000, small cars represented 

39 percent of the market for domestic carmakers (down from 
46 percent in 1975) and had plummeted to 60 percent and 50 
percent for European and Asian manufacturers, respectively, 
based on interior volume (EPA, 2000, appendix K). This 
convergence is also evident when the average weights of 
domestic and imported vehicles in given market segments 
are compared (see Figure 2-3). In 1975, the average weight 
of a domestic passenger car was 4,380 lb. It outweighed its 
European counterpart by 1,676 lb and its Asian counterpart 
by 1,805 lb. In 2000, the average domestic passenger car 
weighed 75 lb less than the average European car and only 
245 lb more than the average Asian passenger car. What had 
been a 70 percent difference between the average weights of 
domestic and Asian cars decreased to 7.6 percent. There is 
now little difference in the market positions of domestic and 
imported manufacturers, as a whole, in the passenger car 
market. 

Another factor contributing to the superior fuel economy 
of imported automobiles in 1975 was technology. Only 1.3 
percent of domestic passenger cars used front-wheel drive in 
1975, compared with 17 percent of Asian imports and 46 
percent of European imports. Similarly, less than 1 percent 
of domestic cars were equipped with fuel injection that year, 
while 14 percent of Asian imports and 39 percent of Euro- 
pean imports used that more efficient technology. Undoubt- 
edly, higher fuel prices in Europe and Asia were (and still 
are) a major incentive for rapid implementation of fuel 
economy technologies. However, the emphasis on small cars 
in 1975 by foreign manufacturers was clearly the most im- 
portant reason for their higher fuel economy. 

The light-truck market has fared differently. While the 
weights of vans have converged somewhat, domestic pick- 
ups are still about 13 percent heavier than their imported 
counterparts. Although the difference in average weight be- 
tween domestic and imported sport utility vehicles ( S W s )  
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FIGURE 2-3 Average weights of domestic and imported vehicles. SOURCE: EPA (2000). 
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FIGURE 2-4 Fleet fuel economy of new and on-road passenger cars and light trucks. SOURCE: FHWA (2000). 

seems to have increased, the SUV market, as it is today, did 
not exist in 1975. Similar differences exist by size class. Only 
1.3 percent of domestic light trucks are classified as small, 
44 percent as large. By contrast, 36 percent of imported 
trucks are small and only 6 percent are large (EPA, 2000). 
Improvements in new vehicle fuel economy have gradually 
raised the overall fuel economy of the entire operating fleet 
as new vehicles replace older, less fuel-efficient vehicles. 
DOT’S Federal Highway Administration (FHWA) estimates 
that the average miles per gallon (mpg) for all passenger cars 
in use-both old and new-increased from 13.9 mpg in 1975 
to 21.4 mpg in 1999 (see Figure 2-4) (FHWA, 2000). The 
estimated on-road fuel economy of light trucks improved 
from 10.5 to 17.1 mpg over the same period. Since the 
FHWA’s definitions of passenger car and light truck are not 
the same as those used for CAFE purposes, it is also useful 
to consider the trend in combined light-duty vehicle fuel 
economy. The FHWA estimates that overall light-duty ve- 
hicle on-road fuel economy increased from 13.2 mpg in 1975 
to 19.6 mpg in 1999, a gain of 48 percent. The EPA sales- 
weighted test numbers indicate that new light-duty vehicle 
fuel economy increased from 15.3 rnpg in 1975 to 24 mpg in 
1999, a gain of 57 percent. Given the remaining older ve- 
hicle stock yet to be retired and the inclusion of some larger 
two-axle, four-tire trucks in the FHWA’s definition, these 
numbers are roughly comparable. 

As Figure 2-4 illustrates, there is a substantial shortfall 
between fuel economy as measured for CAFE purposes and 
actual fuel economy achieved on the road. If the EPA ratings 
accurately reflected new vehicle fuel economy, the operat- 

’The lag is due to the time required to turn over the vehicle fleet. Recent 
estimates of expected vehicle lifetimes suggest that an average car will last 
14 years and an average light truck 15 years (Davis, 2000, tables 6.9 and 
6.10). This means that about half of the vehicles sold 15 years ago are still 
on the road today. 

ing fleet averages would be approaching those levels. In- 
stead, they are leveling off well below the ratings. The short- 
fall, which the EPA estimates at about 15 percent, is the 
result of a number of factors that differ between actual oper- 
ating conditions and the EPA test cycle, such as speed, ac- 
celeration rates, use of air conditioners, and trip lengths 
(Hellman and Murrell, 1984; Harrison, 1996). A comparison 
of FHWA on-road and EPA new vehicle fuel economy esti- 
mates suggests a larger discrepancy for passenger cars than 
for light trucks. This pattern is contrary to the findings of 
Mintz et al. (1993), who found a larger shortfall for light 
trucks of 1978-1985 vintages. The discrepancy may reflect 
a combination of estimation errors and differences in defini- 
tions of the vehicle types.2 The EPA estimates that new light- 
duty vehicles have averaged 24 to 25 mpg since 198 1. The 
FHWA estimates the on-road fuel economy of all light-duty 
vehicles at 19.6 mpg in 1999, a difference of about 20 per- 
cent. Some of this discrepancy reflects the fact that a sub- 
stantiaI number of pre-1980 vehicles (with lower fuel 
economy) were still on the road in 1999, but most probably 
reflects the shortfall between test and on-road fuel economy. 

Vehicle Attributes and Consumer Satisfaction 

Significant changes in vehicle attributes related to fuel 
economy accompanied the fuel economy increases brought 
about by CAFE standards, fuel price increases, and manu- 
facturers’ efforts to reduce production costs. Between 1975 

2The light truck definition used by FHWA for traffic monitoring differs 
substantially from that used by the National Highway Traffic Safety Ad- 
ministration (NHTSA) for CAFE purposes. The chief difference is that 
FHWA’s definition includes larger light trucks not covered under the CAFE 
law. In addition, the FHWA’s division of fuel use and vehicle miles trav- 
eled 0 between passenger cars and light trucks is generally considered 
to be only approximateiy correct. It is probably more accurate to compare 
combined light-duty vehicle rnpg estimates. 
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and 1980, the fuel economy of new passenger cars increased 
by 50 percent, from 15.1 to 22.6 mpg. At the same time, the 
size and weight of passenger cars decreased significantly (see 
Figure 2-5). The average interior volume of a new car shrank 
from 11 1 cubic feet in 1975 to 105 cubic feet in 1980. De- 
creasing interior volume, however, appears to have been part 
of a trend extending back to the 1960s, at least. Average 
passenger car wheelbase also declined-from 110 inches in 
1977 to 103 in 1980. Curb weight simultaneously decreased 
by more than 800 lb. This reduction in weight was clearly 
not part of a previous trend. 

From 1980 to 1988, passenger car characteristics changed 
little, while new vehicle fuel economy improved by 19 per- 
cent, from 24.3 mpg in 1980 to an all-time high of 28.8 mpg 
in 1988. Since then, new vehicle fuel economy has remained 
essentially constant, while vehicle performance and weight 
have increased. For passenger cars, horsepower, accelera- 
tion (hpAb), and top speed all continued to increase in line 
with a trend that began in 1982 (see Figure 2-6). Between 
1975 and 1980, in contrast, passenger car weight and horse- 
power decreased, acceleration and top speed remained nearly 
constant, and fuel economy increased sharply. 

Light truck attributes show similar patterns, although 
nearly all of the increase in light-truck fuel economy was 
accomplished in the 2 years between 1979 and 1981 (see 
Figure 2-7). The weight of light trucks did not decline as 
sharply as the weight of passenger cars, and in recent years it 
has reached new highs. Weight, horsepower-to-weight ra- 
tios, and top speeds have all been increasing since 1986. 

Other engineering and design changes, motivated at least 
in part by the need to increase fuel economy, probably influ- 
enced consumers’ satisfaction with new vehicles. For ex- 
ample, front-wheel drive, which affects handling and im- 
proves traction, also permits weight reduction owing to the 
ehmination of certain drive train components and repackag- 
ing. Use of front-wheel drive in passenger cars increased 
from 6.5 percent in 1975 to 85 percent by 1993, where it 
more or less remains today. Less than 20 percent of light 
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FIGURE 2-5 Passenger car size and weight. SOURCE: Orrin Kee, 
National Highway Traffic Safety Administration, production- 
weighted data from manufacturers’ fuel economy reports, personal 
communication. 
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FIGURE 2-6 Trends in fuel-economy-related attributes of passen- 
ger cars, 1975-2000. SOURCE: EPA (2000). 

trucks employ front-wheel drive, but none did in 1975. 
Seventy-five percent of vans use front-wheel drive. Fuel in- 
jection, which improves fuel metering for more efficient 
combustion, is also essential for meeting today’s pollutant 
emission standards and improves engine responsiveness as 
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FIGURE 2-7 Trends in fuel-economy-related attributes of light 
trucks, 1975-2000. SOURCE: EPA (2000). 
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well. Use of fuel injection increased from 5 percent for pas- 
senger cars and 0 percent for light trucks in 1975 to 100 
percent for both categories today. Use of lock-up torque con- 
verters in automatic transmissions, which reduce slip and 
thereby increase efficiency, increased from 0 percent in 1975 
to 85 percent today for both passenger cars and light trucks. 
Use of four-valve-per-cylinder engines increased from 0 per- 
cent before 1985 to 60 percent in passenger cars, 20 percent 
in vans, 25 percent in S W s ,  and only 1 percent in pickup 
trucks. Four-valve engines offer improved fuel economy and 
performance over a wide range of speeds. 

Fuel economy improvements have affected the costs of 
automobile ownership and operation over the past 25 years. 
However, the precise impacts on vehicle price and customer 
satisfaction are not known because of the lack of accurate 
accounting of the costs of fuel economy improvements and 
the difficulty of attributing changes in vehicle attributes to 
fuel economy or to other design goals. How to attribute the 
costs of numerous technology and design changes to the 
CAFE standards or to other factors, such as fuel prices, is 
unclear. Nonetheless, it is possible to examine trends in the 
overall costs of owning and operating passenger cars, which 
shed some light on the possible impacts of the CAFE 
standards. 

The cost (in constant dollars) of owning and operating 
automobiles appears to be only slightly higher today than in 
1975. The American Automobile Association estimates that 
the total cost per mile of automobile ownership in 1975 was 
55.5 cents, in constant 1998 dollars (Davis, 2000, table 5.12). 
The estimate for 1999 was 56.7 cents per mile.3 Fixed costs 
(costs associated with owning or leasing a vehicle that are 
not directly dependent on the miles driven), which today 
account for more than 80 percent of total costs, were at least 
30 percent higher in 1999 than in 1975. Operating costs have 
been nearly halved, mostly because of the reduction in gas 
and oil expenditures. In 1975, expenditures on gas and oil 
were estimated to be 14.6 cents per mile and constituted 75 
percent of variable (or operating) costs (26 percent of total 
costs). In 1999, gas and oil expenses were only 5.5 cents per 
mile, just over 50 percent of variable costs and less than 10 
percent of total costs. A large part of the change has to do 
with the lower price of gasoline in 1999, $1.17 per gallon in 
1999 versus $1.42 in 1975 (1996 dollars) @avis, 2000). The 
rest is the result of improvements in fuel economy. 

The average price of a new automobile has increased from 
just under $15,000 in 1975 to over $20,000 today (1998 dol- 
lars). Virtually all of the price increase came after 1980, by 
which time most of the increase in passenger car fuel 
economy had already been accomplished (see Figure 2-8). 
Furthermore, the average purchase price of imported cars, 
which were largely unconstrained by the CAFE standards 
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(because most of the vehicles sold by foreign manufacturers 
were above the standard), has increased far more than that of 
domestic cars, which were constrained. The average price of 
large trucks has risen faster than that of passenger cars. 

The committee heard it said that CAFE may have insti- 
gated the shift from automobiles to light trucks by allowing 
manufacturers to evade the stricter standards on automobiles. 
It is quite possible that CAFE did play a role in the shift, but 
the committee was unable to discover any convincing evi- 
dence that it was a very important role. The less stringent 
CAFE standards for trucks did provide incentives for manu- 
facturers to invest in minivans and S U V s  and to promote 
them to consumers in place of large cars and station wagons, 
but other factors appear at least as important. Domestic 
manufacturers also found light-truck production to be very 
attractive because there was no foreign competition in the 
highest-volume truck categories. By shifting their product 
development and investment focus to trucks, they created 
more desirable trucks with more carlike features: quiet, luxu- 
rious interiors with leather upholstery, top-of-the-line audio 
systems, extra rows of seats, and extra doors. With no Japa- 
nese competition for large pickup trucks and SUVs, U.S. 
manufacturers were able to price the vehicles at levels that 
generated handsome profits. The absence of a gas guzzler 
tax on trucks and the exemption from CAFE standards for 
trucks over 8,500 lb also provided incentives. 

Consumers also found many of these new vehicles very 
appealing. They offer roomy interiors that accommodate 
many passengers, ample storage space, towing capacity, 
good outward visibility, and a sense of safety and security. 
Midsize S U V s  rose from 4.0 percent of all light-duty vehicle 
sales in MY 1988 to 12.3 percent in 2000. Midsize station 
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wagons dropped from 1.9 to 1.4 percent over the same pe- 
riod. Large S W s  rose from 0.5 percent to 5.5 percent, while 
large station wagons dropped from 0.5 percent to zero (EPA, 
2000). S W s  are far more popular today than station wagons 
were before CAFE. Furthermore, several wagons, including 
the Toyota Camry, Honda Accord, and Nissan Maxima, were 
dropped from production even though the manufacturers 
were not constrained by CAFE. Therefore, it must be con- 
cluded that the trend toward trucks probably would have 
happened without CAFE, though perhaps not to the same 
degree. 

The effect of the shift to trucks on fuel economy has been 
pronounced. As shown in Figures 2-6 and 2-7, the fuel 
economy of new cars and trucks, considered separately, has 
been essentially constant for about 15 years. However, the 
average fuel economy of all new light-duty vehicles slipped, 
from a peak of 25.9 mpg in 1987 to 24.0 mpg in 2000, as the 
fraction of trucks increased from 28 to 46 percent (EPA, 
2000). Even if trucks and cars maintain their current shares, 
the average fuel economy of the entire on-road fleet will 
continue to decline as new vehicles replace older ones with 
their higher fraction of cars. 

Impact on Oil Consumption and the Environment 

Fuel use by passenger cars and light trucks is roughly 
one-third lower today than it would have been had fuel 
economy not improved since 1975, as shown in this section. 
As noted above, the CAFE standards were a major reason 
for the improvement in fuel economy, but other factors, such 
as fuel prices, also played important roles. 

Travel by passenger cars and light trucks has been in- 
creasing at a robust average annual rate of 3.0 percent since 
1970 (see Figure 2-9). Growth has been relatively steady, 
with declines in vehicle miles traveled occurring only 
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during the oil price shocks and ensuing recessions of 1973- 
1974, 1979-1980, and 1990-1991. Throughout this period, 
light-truck travel has been growing much more rapidly than 
automobile travel. From 1970 to 1985, light-truck VMT 
grew at an average rate of 7.7 percendyear, while passenger 
car VMT grew at only 1.8 percentlyear. From 1985 to 1999, 
the rates were similar: 6.1 percentlyear for light trucks and 
1.7 percendyear for passenger cars. The trend toward light 
trucks appears to antedate the CAFE standards. From 1 9663 
to 1978, light-truck VMT grew 9.8 percendyear, while pas- 
senger-car VMT grew at 3.3 percentlyear. 

Prior to 1978, fuel use by passenger cars and light trucks 
was growing slightly faster than VMT (see Figure 2-9). It 
then declined from 1978 to 1982 as gasoline prices soared 
and the first effects of the higher fuel economy of new ve- 
hicles began to have an impact on the fleet (see Figure 2-7). 
While it is difficult to say what fuel consumption would have 
been had there been no CAFE standards, it is clear that if 
light-duty fuel use had continued to grow at the same rate as 
light-duty VMT, the United States would be currently con- 
suming approximately 55 billion more gallons of gasoline 
each year (equivalent to about 3.6 million barrels per day 
[mmbd] of gasoline). 

On the other hand, increased fuel economy also reduces 
the fuel cost per mile of driving and encourages growth in 
vehicle travel. Estimates of the significance of this “rebound 
effect” suggest that a 10 percent increase in fuel economy is 
likely to result in roughly a 1 to 2 percent increase in vehicle 
travel, all else being equal (Greene et al., 1999; Haughton 

4The FHWA substantially changed its truck class definitions in 1966, 
making that the earliest date for which there is a consistent definition of a 
“light truck.” 
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FIGURE 2-9 Passenger car and light-truck travel and fuel use. SOURCE: Based on Davis (2000). 
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and Sarker, 1996; Jones, 1993). Applying that to the esti- 
mated 44 percent increase in on-road, light-duty fuel 
economy from 1975 to 2000 would reduce the estimated 
annual fuel savings from 55 billion to 43 billion gallons, 
equivalent to about 2.8 mmbd of gasoline. 

Reducing fuel consumption in vehicles also reduces car- 
bon dioxide emissions. If the nation were using 2.8 mmbd 
more gasoline, carbon emissions would be more than 100 
million metric tons of carbon (mmtc) higher. Thus, improve- 
ments in light-duty vehicle fuel economy have reduced over- 
all U.S. emissions by about 7 percent. In 1999, transporta- 
tion produced 496 mmtc, about one-third of the U.S. total. 
Passenger cars and light-duty trucks accounted for about 60 
percent of the CO, emissions from the U.S. transportation 
sector (EPA, 2001), or about 20 percent of total U.S. emis- 
sions of greenhouse gases. Overall, U.S. light-duty vehicles 
produce about 5 percent of the entire world's greenhouse 
gases. 

. Impact on Oil Markets and Oil  Dependence 

The fuel economy of U.S. passenger cars and light trucks 
affects world oil markets because U.S. light-duty vehicles 
aIone account for I O  percent of world petroleum consump- 
tion. Reducing light-duty vehicle fuel use exerts downward 
pressure on world oil prices and on U.S. oil imports. To- 
gether with major increases in non-OPEC oil supply, reduc- 
tions in petroleum demand in the United States and other 
countries created the conditions for the collapse of OPEC 
market power in 1986. Had past fuel economy improvements 
not occurred, it is likely that the U.S. economy would have 
imported more oil and paid higher prices than it did over the 
past 25 years. CAFE standards have contributed to past light- 
duty vehicle fuel economy improvements, along with past 
fuel price increases and other factors. 

Oil price shocks have had serious economic consequences 
for oil-consuming nations. Higher oil prices damage the U.S. 
economy by transferring U.S. wealth to oil exporters, reduc- 
ing real economic output, and creating temporary price and 
wage dislocations that lead to underemployment of economic 
resources. While the economic impact of the 1999-2000 oil 
price shock may have been smaller than the price shocks of 
the 1970s and 1980s, it was one of several factors causing a 
decline in U.S. economic growth in 2000 and 2001. 

By reducing U.S. petroleum demand, greater fuel econ- 
omy for passenger cars and light trucks ameliorates but does 
not by itself solve the problem of oil dependence. Because 
the United States accounts for 25 percent of world petroleum 
consumption (EIA, 20OOc, table 11.9), changes in U.S. oil 
demand can significantly affect world oil prices. The size of 
the impact will depend on the price elasticity of net oil sup- 
ply to the United States (Greene and Tishchishyna, 2000). A 
reasonable range of estimates of this elasticity is approxi- 
mately 2.0 to 3.0, which means that a 1 percent decrease in 

U.S. demand would reduce world oil prices by 0.5 to 0.33 
percent. 

U.S. oil consumption in 2000 was 19.5 mmbd, so that the 
estimated 2.8-mmbd reduction due to fuel economy im- 
provements represents a 13 percent reduction in U.S. oil de- 
mand, using the midpoint formula. Using the above elastic- 
ity assumptions, this should reduce world oil prices by 4 to 6 
percent. The average price of oil in 2000 was just over $28/ 
bbl, implying a savings of $1.00 to $1.80/bbl on every barrel 
purchased. 

Accordingly, the reduction in expenditures realized by 
the United States due to lower prices for imported oil- 
which in turn came from improvements in passenger car and 
light-truck fuel economy-would be in the range of $3 bil- 
lion to $6 billion for the year 2000 alone. This is in addition 
to the benefit of not having had to purchase those 2.8 mmbd. 
Assuming that these benefits increased linearly from zero in 
1975, cumulative (not present value) oil-market benefits 
would amount to between $40 billion and $80 billion. This 
does not take into account benefits accruing from a reduced 
likelihood and severity of oil market disruptions. These esti- 
mates are subject to considerable uncertainty, however, be- 
cause it is difficult to accurately predict OPEC responses to 
changes in oil demand. 

The committee emphasizes again that these impacts on 
oil consumption and oil prices were the result of several fac- 
tors affecting the fuel economy of the U.S. light-duty vehicle 
fleet, one of which was CAFE standards. 

Re 0 u I a tory Issues 
In addition to the above issues, the committee was asked 

in the statement of work to address other aspects of how 
CAFE has functioned. These included the disparate impact 
on automotive manufacturers, the distinction between cars 
and light trucks, and the distinction between domestic and 
imported vehicle fleets. 

Disparate Impacts of CAFE Standards 

Some degree of differential or disparate impacts is inher- 
ent in a regulatory standard that sets the same performance 
measure for all manufacturers regardless of the type of ve- 
hicles they produce. Differences in the sizes and weights of 
domestically manufactured and imported vehicles in 1975 
were described above. As Figure 2-2 illustrates, the domes- 
tic manufacturers (that is, Chrysler, GM, and Ford) had to 
improve the fuel economy of their vehicle fleets substan- 
tially, while foreign manufacturers (for example, Honda, 
Nissan, and Toyota) were already above the standards. Thus, 
some companies were affected to a greater extent than oth- 
ers. There is no doubt that the requirement to focus resources 
on the task of improving fuel economy called for greater 
investments and resources diverted from activities the do- 
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mestic manufacturers would otherwise have preferred to 
pursue. Whether, in the end, this was harmful to U.S. manu- 
facturers is less clear. Some argue that the fuel economy 
standards actually put U.S. manufacturers in a better com- 
petitive position when the oil price shocks hit in 1979 and 
1980 than they would have been in had they been allowed to 
respond to falling gasoline prices between 1974 and 1978. 

Passenger Cars and Light Trucks 

The CAFE standards called for very different increases in 
passenger car and light-truck fuel economy. Passenger-car 
standards required a 75 percent increase from the new car 
fleet average of 15.8 mpg in 1975 to 27.5 mpg in 1985. Light- 
truck standards required only a 50 percent increase: from 
13.7 mpg in 1975 to 20.7 mpg in 1987. 

In part, the difference was intentional, reflecting the be- 
lief that light trucks function more as utility vehicles and 
face more demanding load-carrying and towing require- 
ments. It was also due to the different mechanisms Congress 
established for setting the standards. Congress itself wrote 
the 27.5-mpg passenger-car target into law, while light-truck 
targets were left to the NHTSA to establish via rule-mak- 
ings. The result of this process was that passenger cars were 
required to make a significantly greater percentage improve- 
ment in fuel economy. 

The ForeignDomestic Distinction 

Automotive manufacturing is now a fully global indus- 
try. In 1980 the United Auto Workers (UAW) had 1,357,141 
members, most of whom were employed in the automotive 
industry. However, by 2000 that number had dropped to 
728,510 members, according to the annual report filed by 
the UAW with the Department of Labor. The loss 
of market share to foreign manufacturers, including some 
35,000 assembly jobs in foreign-owned assembly plants in 
the United States, improvements in productivity in domestic 
plants, and a shift of parts production to Mexico as well as to 
nonunion foreign-owned parts plants in the United States 
resulted in the loss of unionized automotive jobs in the 
United States. Workers in this country have proven that they 
can compete successfully with workers overseas in all seg- 
ments of the market, from the smallest cars to the largest 
trucks. The 1992 NRC report found that the provision of the 
CAFE law that created a distinction between domestic and 
foreign fleets led to distortions in the locations at which ve- 
hicles or parts are produced, with no apparent advantage 
(NRC, 1992, p. 171). NHTSA eliminated the domestic/ 
import distinction for light trucks after model year 1995. 
The absence of negative effects of this action on employ- 
ment in U.S. automobile manufacturing suggests that the 
same could be done for automobiles without fear of negative 
consequences. 

Other Regulations Affecting CAFE 

The gas guzzler tax, which first took effect in 1980, speci- 
fies a sliding tax scale for new passenger cars getting very 
low gas mileage. There is no comparable tax for light trucks. 
The level at which the tax takes effect increased from 14.5 
mpg in 1980 to 22.5 mpg today, and the size of the tax has 
increased substantially. Today, the tax on a new passenger 
car achieving between 22 and 22.5 mpg is $1,000, increas- 
ing to $7,700 for a car with a fuel economy rating under 12.5 
mpg. In 1975,80 percent of new cars sold achieved less than 
21 mpg and 10 percent achieved less than 12 mpg. In 2000, 
only 1 percent of all cars sold achieved less than 21.4 mpg 
(EPA, 2000). The tax, which applies only to new automo- 
biles, has undoubtedly reinforced the disincentive to pro- 
duce inefficient automobiles and probably played a role, as 
did the CAFE standards, in the downsizing of the passenger 
car fleet. The absence of a similar tax for light trucks has 
almost certainly exacerbated the disparities between the two 
vehicle types. 

Emissions 

Since the passage of the CAFE law in 1975, pollutant 
emissions standards for passenger cars and light trucks have 
been tightened. For example, hydrocarbon, carbon monox- 
ide (CO), and nitrogen oxide (NO,) federal standards were 
1.5, 15, and 3.1 gramdmile, respectively, in 1975. Under 
Tier 1 standards, the analogous standards for nonmethane 
hydrocarbons, CO, and NO, are 0.25, 3.4, and 0.4 grams/ 
mile (Johnson, 1988; P.L. 101-549). Moreover, the period 
for which new vehicles must be certified to perform effec- 
tively was doubled. The CAFE standards did not interfere 
with the implementation of emissions control standards. In- 
deed, several key fuel economy technologies are also essen- 
tial for meeting today’s emissions standards, and fuel 
economy improvements have been shown to help reduce 
emissions of hydrocarbons (Greene et al., 1994; Harrington, 
1997). However, emissions standards have so far prevented 
key fuel economy technologies, such as the lean-bum gaso- 
line engine or the diesel engine, from achieving significant 
market shares in U.S. light-duty vehicle markets. 

Safety 

Since 1975, many new passenger car and light-truck 
safety regulations have been implemented. It was estimated 
that these regulations added several hundred pounds to the 
average vehicle (for example, air bags and improved impact 
protection). However, the actual number may now be less 
(there have not been any follow-up studies to determine if 
improved designs and technological progress have reduced 
the weight of those components). Nonetheless, the CAFE 
regulations, have not impeded the implementation of safety 
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regulations and safety regulations have not prevented manu- 
facturers from achieving their CAFE requirements. 

IMPACTS ON THE AUTOMOBILE INDUSTRY 
Regulations such as the CAFE standards are intended to 

direct some of industry’s efforts toward satisfying social 
goals that transcend individual car buyers’ interests. Inevita- 
bly, they divert effort from the companies’ own goals. This 
section reviews trends in revenues, profits, employment, 
R&D spending, and capital investment for the domestic au- 
tomobile industry from 1972 to 1997. Examination of the 
data shows little evidence of a dramatic impact of fuel 
economy regulations. General economic conditions, and es- 
pecially the globalization of the automobile industry, seem 
to have been far more important than fuel economy regula- 
tions in determining the profitability and employment shares 
of the domestic automakers and their competitors. 

The 1992 NRC report on automobile fuel economy con- 
cluded, “Employment in the U.S. automotive industry has 
declined significantly and the trend is likely to continue dur- 
ing the 1990s. The world automotive industry, particularly 
the domestic industry, suffers from over-capacity, and fur- 
ther plant closings and reductions in employment are inevi- 
table” (NRC, 1992). Fortunately, this gloomy prediction 
turned out to be largely incorrect, as total employment in 
automobile manufacturing in the United States reached its 
highest level ever (more than 1 million) in 1999 (Figure 
2- lo), thanks largely to foreign companies’ decisions to 
move manufacturing to the United States to take advantage 
of the most profitable market in the world. In 1990 there 
were eight foreign-owned plants in the United States pro- 
ducing 1.49 million vehicles annually. By 2000, foreign 
companies assembled 2.73 million vehicles in 11 U.S. plants; 
Honda and Nissan will each open another new assembly 
plant in the next 2 years. 
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Organized labor has lost nearly half of its representation 
in the automobile industry since 1980. In that year, the 
United Auto Workers union had 1.4 million members, most 
of them employed in the auto industry, but by year-end 2000 
it reported just over 670,000 members (UAW, 2000). The 
roots of this shift include the domestic manufacturers’ loss 
of market share to foreign manufacturers, improved produc- 
tivity in their own plants, and shifts of parts production over- 
seas. The job losses have been offset by about 35,000 jobs in 
foreign-owned, nonunion assembly plants in the United 
States; growth in white collar employment in foreign com- 
panies as they expanded distribution; and the establishment 
of foreign-owned parts and component operations. 

Like profitability, two measures of productivity show no 
obvious impact of fuel economy improvements. The number 
of light-duty vehicles produced per worker (Figure 2-10) has 
fluctuated with the business cycle (falling during recessions) 
and since the mid-1990s appears to have trended slightly 
upward despite increased production of light trucks and more 
complex cars. The sales value of cars produced per worker 
(also shown in Figure 2-10) increased substantially during 
the 1972 to 2000 period, particularly after 1980. 

Even before the CAFE standards were established, the 
automotive market was becoming a global one. In the 1960s 
imported vehicles made significant inroads in the United 
States. With their small cars and their reputation for superior 
quality, Japanese producers probably found the CAFE stan- 
dards only one source of competitive advantage in U.S. mar- 
kets among others during the 1970s and 1980s. The size 
of this advantage is difficult to determine, however (NRC, 
1992). 

The industry’s ability to fund R&D and capital invest- 
ment is a function of its financial strength. The annual net 
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FIGURE 2-10 Employment and productivity in the U.S. automo- 
tive industry. SOURCE: Wards Automotive Report. 

FIGURE 2-1 1 Net profit rates of domestic manufacturers, 1972- 
1997. SOURCE: Wards Automotive Report. 
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income of GM, Ford, and Chrysler is correlated closely with 
the business cycle and the competitiveness of each com- 
pany's products (Figure 2-1 1). The industry experienced se- 
vere losses in 1980 and again in 1992 in response to the drop 
in vehicle demand, a competitive pricing environment, and 
loss of market share to foreign producers. After that, the in- 
dustry enjoyed a powerful rebound in earnings. Between 
1994 and 1999, the cumulative net income of GM, Ford, and 
Chrysler amounted to an all-time record of $93 billion. 

The most important cause of this rebound was exploding 
demand for light trucks, a market sector dominated by the 
Big Three: 

In 1984 minivans were introduced and by 1990 were 
selling nearly a million units annually. 
Then came four-door S W s  and pickup trucks with 
passenger-friendly features such as extra rows of seats. 
S U V  sales increased from fewer than 1 million units in 
1990 to 3 million in 2000; large S W s  were the fast- 
est-growing segment and by 2000 accounted for nearly 
one-third of all S U V s  sold. Sales of large pickup trucks 
nearly doubled in the 1990s. 
Crossover vehicles, which have trucklike bodies on 
car platforms, offer consumers an alternative to a tra- 
ditional light truck. These vehicles (for example, the 
Toyota FZAV-4 and the Honda CRV), first introduced 
by Japanese companies several years ago to serve de- 
mand for recreational vehicles, also found markets in 
the United States. U.S. auto companies are now 
launching models in this category. 

Light trucks today account for about 50 percent of GM 
sales, 60 percent of Ford sales, and 73 percent of Daimler- 

8.0 1 
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Chrysler sales and even greater shares of the profits of all 
three companies. In the mid- to late 1990s, the average profit 
on a light truck was three to four times as great as that on a 
passenger sedan. 

Since the second half of 2000, however, GM and Ford 
have recorded sharply lower profits, and the Chrysler divi- 
sion of DaimlerChrysler suffered significant losses. A slow- 
ing economy, which necessitated production cuts as well as 
purchase incentives (rebates and discounted loan rates, for 
example) to defend market share, underlies the downturn in 
industry profitability. 

With at least 750,000 units of additional capacity of light- 
truck production coming onstream over the next 3 years, 
however, margins on these vehicles could remain under pres- 
sure for the foreseeable future. To recoup their investments 
in truck capacity, manufacturers will continue to use incen- 
tives to drive sales, even at the cost of lower unit profits. 
(Better incentives have made these vehicles more affordable, 
which probably explains some of their continuing popularity 
in the face of higher fuel prices.) 

Two important indicators of the costs of the CAFE stan- 
dards to industry, regardless of its profitability, are the in- 
vestments required in changing vehicle technology and de- 
sign: Investments for retooling and R&D must be recovered 
over time in the profits from vehicle sales. Too steep an im- 
position of the standards would be reflected in unusually 
high rates of both investments. There does appear to have 
been a sudden increase in retooling investments by all three 
manufacturers in 1980, but they returned to normal levels 
within 5 years (see Figure 2-12). These investments may 
have been prompted as much by changes in U.S. manufac- 
turers' market strategies as by the impending CAFE stan- 
dards (their strategies may, for example, have reflected ex- 
pectations that fuel prices would continue rising steeply and 
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FIGURE 2-12 Investments in retooling by domestic automobile manufacturers, 1972-1997, with automotive fuel economy standards (AFES) 
for passenger cars and trucks. SOURCE: DOT Docket 98-4405-4. Advanced Air Bag Systems Cost, Weight, and Lead Time Analysis 
Summary Report, Appendix A (Contract No. DTNH22-96-0-12003, Task Orders-001, 002, and 003). 
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FIGURE 2-1 3 R&D investments by domestic automobile manufacturers, 1972-1 997, with automotive fuel economy standards (AFES) for 
passenger cars and trucks. SOURCE: DOT Docket 98-4405-4. Advanced Air Bag Systems Cost, Weight, and Lead Time Analysis Summary 
Report, Appendix A (Contract No. DTNH22-96-0-12003, Task Orders-001,002, and 003). 

the need in general to counter the Japanese competition’s 
reputation for quality). 

Investments in R&D as a percent of net sales were rela- 
tively low in the years leading up to 1978, the first year in 
which manufacturers were required to meet the CAFE stan- 
dards. Since then, they have generally increased, regardless 
of whether the CAFE! requirements were increasing or con- 
stant (Figure 2-13). This pattern suggests that the R&D de- 
mands created by the standards did not unduly burden the 
domestic manufacturers. 

IMPACT ON SAFETY 
In estimating the effect of CAFE on safety, the committee 

relied heavily on the 1992 NRC report Automotive FueZ 
Ecoizomy: How Far Should We Go? (NRC, 1992). That re- 
port began its discussion of the safety issues by noting, “Of 
all concerns related to requirements for increasing the fuel 
economy of vehicles, safety has created the most strident 
public debate” (NRC, 1992, p. 47). 

Principally, this debate has centered on the role of vehicle 
mass and size in improving fuel economy. For a given power 
train, transportation fuel requirements depend in part on how 
much mass is moved over what distance, at what speed, and 
against what resistance. The mass of the vehicle is critical 
because it determines the amount of force (that is, power and 
fuel) necessary to accelerate the vehicle to a given speed or 
propel it up a hill. Size is important because it influences 
mass (larger vehicles usually weigh more) and, secondarily, 
because it can influence the aerodynamics of the vehicle and, 
therefore, the amount of power necessary to keep it moving 
at a given speed. 

As discussed above, fuel economy improved dramatically 
for cars during the late 1970s and early 1980s, without much 
change since 1988 (see Figure 2-2 and Figure 2-6). That in- 
crease in fuel economy was accompanied by a decline in 
average car weight (see Figure 2-5) and in average wheel- 
base length (a common measure of car size). Thus, a signifi- 
cant part of the increased fuel economy of the fleet in 1988 
compared with 1975 is attributable to the downsizing of the 
vehicle fleet. Since 1988, new cars have increased in weight 
(see Figure 2-5) and the fuel economy has suffered accord- 
ingly (see Figure 2-4), although increasing mass is not the 
only reason for this decline in fuel economy. 

The potential problem for motor vehicle safety is that ve- 
hicle mass and size vary inversely not only with fuel 
economy, but also with risk of crash injuries. When a heavy 
vehicle strikes an object, it is more likely to move or deform 
the object than is a light vehicle. Therefore the heavier 
vehicle’s occupants decelerate less rapidly and are less likely 
to be injured. Decreasing mass means that the downsized 
vehicle’s occupants experience higher forces in collisions 
with other vehicles. Vehicle size also is important. Larger 
crush zones outside the occupant compartment increase the 
distance over which the vehicle and its restrained occupants 
are decelerated. Larger interiors mean more space for re- 
straint systems to effectively prevent hard contact between 
the occupants’ bodies and the structures of the vehicle. There 
is also an empirical relationship, historically, between ve- 
hicle mass/size and rollover injury likelihood. These basic 
relationships between vehicle mass, size, and safety are dis- 
cussed in greater detail in Chapter 4. 
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What Has Been the Effect of Changes in Vehicle Mass and 
Size on Motor Vehicle Travel Safety? 

As the 1992 NRC report indicated, however, that view 
has been challenged (NRC, 1992, pp. 54-55). The reduced 

Given these concerns about vehicle size, mass, and safety, 
it is imperative to ask about the safety effect of the vehicle 
downsizing and downweighting that occurred in association 
with the improvement in fuel economy during the 1970s and 
1980s. There are basically two approaches to this question. 
Some analysts have concluded that the safety effect of fleet 
downsizing and downweighting has been negligible because 
the injury and fatality experience per vehicle mile of travel 
has declined steadily during these changes in the fleet. The 
General Accounting Office (GAO) championed this view in 
a 1991 report, arguing that vehicle downweighting and 
downsizing to that time had resulted in no safety conse- 
quences, as engineers had been able to offset any potential 
risks (Chelimsky, 1991). According to this argument, the 
fact that vehicle downsizing and downweighting have not 
led to a large increase in real-world crash injuries indicates 
that there need not be a safety penalty associated with 
downsizing, despite any theoretical or empirical relation- 
ships among the size, weight, and safety of vehicles at a 
given time. 
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risk of motor vehicle travel during the past decade is part of 
a long-term historical trend, going back to at least I950 (Fig- 
ure 2-14). Most important, the improving safety picture is 
the result of various interacting-and, sometimes, conflict- 
ing-trends. On the one hand, improved vehicle designs, 
reduced incidence of alcohol-impaired driving, increased 
rates of safety belt use, and improved road designs are re- 
ducing crash injury risk; on the other, higher speed limits, 
increased horsepower, and increasing licensure of teenagers 
and other risky drivers, among other factors, are increasing 
crash injury risk. In short, the historical trend in motor ve- 
hicle injury and fatality rates is too broad a measure, affected 
by too many variables, to indicate whether vehicle down- 
sizing and downweighting have increased or decreased mo- 
tor vehicle travel safety. 

Recognizing this general historical trend, the appropriate 
question is not whether crash injury risk has continued to 
decline in the face of vehicle downsizing and down- 
weighting, but rather whether motor vehicle travel in the 
downsized fleet is less safe than it would have been other- 
wise. This approach to the question treats the safety charac- 

-4- Per Million Vehicles 

+-Per 10 Billion Miles 

4 Per Million Population 



~ - 

26 EFFECTIVENESS AND IMPACT OF CORPORATE AVERAGE FUEL ECONOMY (CAFE) STANDARDS 

teristics of the motor vehicle fleet at any particular time as a 
given. That is, the level of safety knowledge and technology 
in use at the time is independent of the size and weight of the 
vehicle fleet. Accordingly, the question for evaluating the 
safety effects of constraints on vehicle size and weight asks 
how much injury risk would change if consumers were to 
purchase larger, heavier vehicles of the generation currently 
available to them. 

The 1992 NRC report noted significant evidence that the 
improvement in motor vehicle travel safety to that time could 
have been even greater had vehicles not been downweighted 
and downsized. For example, the report cited NHTSA re- 
search (Kahane, 1990; Kahane and Klein, 1991) indicating 
that “the reductions that have occurred in passenger-vehicle 
size from model year 1970 to 1982 are associated with ap- 
proximately 2,000 additional occupant fatalities annually” 
(NRC, 1992, p. 53). In another study cited by the 1992 re- 
port, Crandall and Graham (1988) estimated that fatality 
rates in 1985 car models were 14 to 27 percent higher be- 
cause of the 500 lb of weight reduction attributed by those 
authors to CAFE requirements. These estimates revealed 
forgone reductions in fatalities occasioned by the down- 
weighting and/or downsizing of the fleet. These safety costs 
had been hidden from public view by the generally improv- 
ing safety of the motor vehicle environment. 

It should be noted that the terms downsizing and down- 
weighting are used interchangeably here because of the very 
high correlation between these physical attributes of motor 
vehicles. Although the effects of size and mass appear quite 
separate in the theoretical discussion above, in reality most 
heavy cars are large and most large cars are heavy. As a result 
of this correlation, the 1992 NRC report was unable to sepa- 
rate the different effects of vehicle mass and size in account- 
ing for the changes in safety. The report questioned to what 

extent the increased fatalities due to downweighting could 
have been prevented had vehicles retained their initial size. 

Nevertheless, the report concluded that “the historical 
changes in the fleetdownsizing and/or downweighting- 
have been accompanied by increased risk of occupant in- 
jury” (NRC, 1992, p. 55). The current committee concurs 
with that conclusion. 

Societal Versus individual Safety 

The 1992 NRC report also questioned the relationship 
between risk to the individual occupant of downsized ve- 
hicles and risk to society as a whole. Specifically, the report 
questioned whether estimates of the effects of downsizing 
adequately assessed “the net effects of the safety gains to the 
occupants of the heavier car and safety losses that the in- 
creased weight imposes on the occupants of the struck car, 
as well as other road users (e.g., pedestrians, pedalcyclists, 
and motorcyclists)” (NRC, 1992, p. 57). In other words, 
larger mass means greater protection for the occupants of the 
vehicle with greater mass but greater risk for other road us- 
ers in crashes. Some of the increased risk for individuals 
shifting to smaller, lighter cars would be offset by decreased 
risk for individuals already in such cars. However, the report 
noted that there was insufficient information about the ef- 
fects on all road users of changes in fleet size and weight 
distributions. It also noted that increasing sales of light 
trucks, which tend to be larger, heavier, and less fuel effi- 
cient than cars, was a factor increasing the problem of crash 
incompatibility. NHTSA was urged to conduct a study to 
develop more complete information on the overall safety 
impact of increased fuel economy and to incorporate more 
information about the safety impact of light-truck sales. 

In April 1997, NHTSA issued a report summarizing re- 
search undertaken by it in response to that issue as well as to 

TABLE 2-1 Change in Death or Injury Rates for 100-lb Weight Reduction in Average Car or 
Average Light Truck (percent) 

Crash Type 

Hit object 
Principal rollover 
Hit passenger car 
Hit light truck 
Hit big truck 
Hit pedbikelmororcycle 

Fatality Analysis Injury Analysis 

Light Light 
Cars Trucks CarS Trucks 

~ ______~ ~~ 

t1.12 + 1.44 + O . l  +1.9 
+4.58 +0.81* NE NE 
4 . 6 2 *  -1.39 +2.0 -2.6 
+2.63 -0.54* +0.9 - 
+1.40 +2.63 - 
-0.46 -2.03 NE NE 

Overall +1.13 -0.26 +1.6 -1.3 

NOTE: For the injury analysis, NE means this effect was not estimated in the analysis. A dash indicates the estimated 
effect was statistically insignificant. For the fatality analysis, the starred entries were not statistically significant. 
SOURCE: NHTSA (1997). 
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other informational concerns expressed in the 1992 NRC 
report. In the new NHTSA research, the effect on fatalities 
and injuries of an average 100-lb reduction in the weight of 
cars (or in the weight of light trucks) was estimated. Follow- 
ing the recommendation of the 1992 NRC report, the fatality 
analysis included fatalities occurring to nearly all road users 
in crashes of cars and light trucks; excluded were only those 
fatalities occurring in crashes involving more than two ve- 
hicles and other rare events. The injury analysis was more 
limited, including only those injuries occurring to occupants 
of the cars and light trucks. Table 2-1 summarizes the 
NHTSA results. 

NHTSA’s fatality analyses are still the most complete 
available in that they accounted for all crash types in which 
vehicles might be involved, for all involved road users, and 
for changes in crash likelihood as well as crashworthiness. 
The analyses also included statistical controls for driver age, 
driver gender, and urban-rural location, as well as other po- 
tentially confounding factors. The committee’s discussions 
focused on the fatality analyses, although the injury analyses 
yielded similar results to the extent that their limitations per- 
mitted comparison. 

The NHTSA fatality analyses indicate that a reduction in 
mass of the passenger car fleet by 100 lb with no change in 
the light-truck fleet would be expected to increase fatalities 
in the crashes of cars by 1.13 percent. That increase in risk 
would have resulted in about 300 (standard error of 44) addi- 
tional fatalities in 1993. A comparable reduction in mass of 
the light-truck fleet, with no change in cars, would result in a 
net reduction in fatalities of 0.26 percent (or 40 lives saved, 
with a standard error of 30) in 1993. NHTSA attributed this 
difference in effect to the fact that the light-truck fleet is on 
average 900 Ib heavier than the passenger car fleet. As a 
result, the increased risk to light-truck occupants in some 
crashes as a result of downweighting is offset by the de- 
creased risk to the occupants of other vehicles involved in 
collisions with them, most of which are much lighter. The 
results of the separate hypothetical analyses for cars and light 
trucks are roughly additive, so that a uniform reduction in 
mass of 100 lb for both cars and light trucks in 1993 would 
be estimated to have resulted in about 250 additional fatali- 
ties. Conversely, a uniform increase in mass of 100 lb for 
both cars and light trucks would be estimated to result in 
about 250 lives saved. 

The April 1997 NHTSA analyses allow the committee to 
reestimate the approximate effect of downsizing the fleet 
between the mid-1970s and 1993. In 1976, cars were about 
700 Ib heavier than in 1993; light trucks were about 300 lb 
heavier, on a ~ e r a g e . ~  An increase in mass for cars and light- 

average weights of cars and light trucks registered for use on the 
road in 1976 were, respectively, 3,522 Ib and 3,770 Ib; in 1993,2,816 Ib and 
3,461 Ib. The Insurance Institute for Highway Safety computed these 
weights, using R.L. Polk files for vehicle registration in those years and 
institute files on vehicle weights. 
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duty trucks on the road in 1993, returning them to the aver- 
age weight in 1976, would be estimated to have saved about 
2,100 lives in car crashes and cost about 100 fatalities in 
light-truck crashes. The net effect is an estimated 2,000 fewer 
fatalities in 1993, if cars and light trucks weighed the same 
as in 1976. The 95 percent confidence interval for this esti- 
mate suggests that there was only a small chance that the 
safety cost was smaller than 1,300 lives or greater than 2,600 
lives. This figure is comparable to the earlier NHTSA esti- 
mates of the effect of downsizing since the early 1970s. 

In short, even after considering effects on all road users 
and after adjusting the results for a number of factors known 
to correlate with both fatal crash risk and vehicle usage pat- 
terns, the downsizing and downweighting of the vehicle fleet 
that occurred during the 1970s and early 1980s still appear 
to have imposed a substantial safety penalty in terms of lost 
lives and additional injuries. The typical statistical relation- 
ship between injuries and fatalities in the NHTSA’s accident 
data suggests that these changes in the fleet were responsible 
for an additional 13,OOO to 26,000 incapacitating injuries and 
97,000 to 195,000 total injuries in 1993. 

It must be noted that the application of the 1997 NHTSA 
analyses to the questions before this committee is not with- 
out controversy. In 1996, after reviewing a draft of the 
NHTSA analyses, a committee of the National Research 
Council’s Transportation Research Board W C - T R B )  ex- 
pressed concerns about the methods used in these analyses 
and concluded, in part, “the Committee finds itself unable to 
endorse the quantitative conclusions in the reports about pro- 
jected highway fatalities and injuries because of large uncer- 
tainties associated with the results. . . .” These reservations 
were principally concerned with the question of whether the 
NHTSA analyses had adequately controlled for confound- 
ing factors such as driver age, sex, and aggressiveness. Two 
members of the current committee are convinced that the 
concerns raised by the NRC-TRB committee are still valid 
and question some of the conclusions of the NHTSA analy- 
ses. Their reservations are detailed in a dissent that forms 
Appendix A of this report. 

The majority of the committee shares these concerns to 
an extent, and the committee is unanimous in its agreement 
that further study of the relationship between size, weight, 
and safety is warranted. However, the committee does not 
agree that these concerns should prevent the use of NHTSA’s 
careful anaIyses to provide some understanding of the likely 
effects of future improvements in fuel economy, if those 
improvements involve vehicle downsizing. The committee 
notes that many of the points raised in the dissent (for ex- 
ample, the dependence of the NHTSA results on specific 
estimates of age, sex, aggressive driving, and urban vs. rural 
location) have been explicitly addressed in Kahane’s re- 
sponse to the NRC-lXB review and were reflected in the 
final 1997 report. The estimated relationship between mass 
and safety were remarkably robust in response to changes in 
the estimated effects of these parameters. The committee also 



notes that the most recent NHTSA analyses (1997) yield re- 
sults that are consistent with the agency’s own prior esti- 
mates of the effect of vehicle downsizing (Kahane, 1990; 
Kahane and Klein, 1991) and with other studies of the likely 
safety effects of weight and size changes in the vehicle fleet 
(Lund and Chapline, 1999). This consistency over time and 
methodology provides further evidence of the robustness 
of the adverse safety effects of vehicle size and weight 
reduction. 

Thus, the majority of this committee believes that the evi- 
dence is clear that past downweighting and downsizing of 
the light-duty vehicle fleet, while resulting in significant fuel 
savings, has also resulted in a safety penalty. In 1993, it 
would appear that the safety penalty included between 1,300 
and 2,600 motor vehicle crash deaths that would not have 
occurred had vehicles been as large and heavy as in 1976. 

Changes in the Fleet Since 1993 

As noted earlier, vehicle weights have climbed slightly in 
recent years, with some regressive effects on vehicle fuel 
economy. The committee sought to estimate the effect of these 
later changes on motor vehicle safety, as well. However, there 
is some uncertainty in applying NHTSA’s estimates directly 
to fatal crash experience in other years. First, it is possible that 
the safety effects of size and weight will change as vehicle 
designs change; for example, it is possible that substitution of 
lighter-weight structural materials could allow vehicles to re- 
duce weight while maintaining protective size to a greater 

extent than in the past. Second, the effects of vehicle size and 
weight vary for different crash types, as noted in Table 2-1, 
and the frequency distribution of these crash types can vary 
from year to year for reasons other than vehicle size and 
weight. Therefore, one needs to know this distribution before 
one can apply NHTSA’s estimates. 

Historical Relationships Between Size or Weight and 
Occupant Protection 

Whether the safety effects of size and weight change as 
vehicles are redesigned can ultimately be determined defini- 
tively only by replication of NHTSA analyses (Kahane, 
1997). However, a review of the historical relationship be- 
tween size, weight, and occupant protection indicates that 
the risk reduction associated with larger size and weight has 
been reasonably stable over the past 20 years. For example, 
Table 2-2 shows occupant death rates in different light-duty 
vehicle classes for 1979, 1989, and 1999 (the last year for 
which federal data on fatalities are available). The data show 
that fatality rates per registered vehicle improved among all 
vehicle type and sizelweight classes between 1979 and 1999, 
but the ratio of fatality risk in the smallest vehicles of a given 
type compared with the largest did not change much. The 
single exception has been among small utility vehicles, 
where there was dramatic improvement in the rollover fatal- 
ity risk between 1979 and 1989. In short, although it is pos- 
sible that the weight, size, and safety relationships in future 
vehicle fleets could be different from those in the 1993 fleet 
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TABLE 2-2 Occupant Deaths per Million Registered Vehicles 1 to 3 Years Old 

Year 

Vehicle Type Vehicle Size 1979 1989 1999 

Car Mini 
Small 
Midsize 
Large 
Very large 
A11 

3,Mx)-3,999 Ib 
4,000-4,999 Ib 
5,OOO+ Ib 
All 

S U V  <3,000 Ib 
3,000-3,999 Ib 
4,0004,999 Ib 
5,000+ Ib 
All 

Pickup <3,000 Ib 

A11 passenger 
vehicles 

379 
313 
213 
191 
160 
244 
384 
314 
256 

350 
1,064 
26 1 
204 

425 

265 

- 

- 

269 
207 
157 
151 
138 
200 
306 
23 I 
153 
94 
258 
192 
193 
1 1 1  
149 
174 

208 

249 
161 
127 
I12 
133 
138 
223 
180 
139 
115 
162 
195 
152 
128 
92 
140 

143 

NOTE: Cars are categorized by wheelbase length rather than weight. SOURCE: Insurance Institute for Highway 
Safety, using crash death data from the Fatality Analysis Reporting System WHTSA) and vehicle registration 
data from R.L. Polk Company for the relevant years. 
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TABLE 2-3 Distribution of Motor Vehicle Crash Fatalities in 1993 and 1999 by 
Vehicle and Crash Type 

Year 

Vehicle Crash Type 1993 1999 Percent Change 

Car Principal rollover 
Object 
Pedbikehotorc ycle 
Big truck 
Another car 
Light truck 

Object 
Pedlbike/motorcycle 
Big truck 
Car 
Another light truck 

Light truck Principal rollover 

TotaVaverage 

1.754 
7,456 
4,206 
2,648 
5,025 
575 1 
1,860 
3,263 
2,217 
1,111 
5,75 1 
1.1 10 

.36,401 

1,663 -5 
7.003 -6 
3,245 -23 
2,496 -6 
4.047 -1 9 
6,881 +20 
2,605 +40 
3,974 +22 
2,432 +IO 
1,506 +36 
6,881 +20 
1,78 1 +bo 

37,633 +3 

SOURCE: The programs for counting the relevant crash fatality groups were obtained from Kahane and applied 
to the 1999 Fatality Analysis Reporting System (FARS) file by the Insurance Institute for Highway Safety. 

studied by Kahane (1997), there appears to be no empirical 
reason to expect those relationships wiZZ be different. Thus, 
the majority of the committee believes that it is reasonable to 
use the quantitative relationships developed by NHTSA 
(Kahane, 1997) and shown in Table 2-1 to estimate the safety 
effects of vehicle size and weight changes in other years. 

Distribution of Crash Types in the Future 

While there appears to be some justification for expecting 
relationships among weight, size, and safety to remain much 
the same in the future, the committee observed that, between 
1993 and 1999, the last year for which complete data on fatal 
crashes are available, there were several shifts in fatal crash 
experience, the most notable being an increase in the num- 
ber of light-duty truck involvements (consistent with their 
increasing sales) and a decrease in crashes fatal to non- 
occupants (pedestrians and cyclists; see Table 2-3). The re- 
sult of these changes in crash distribution is that the esti- 
mated effect on all crash fatalities of a 100-lb gain in average 
car weight increased, from -1.13 percent in 1993 (Kahane, 
1997) to -1.26 percent in 1999; the estimated effect on crash 
fatalities of a 100-lb gain in average light-truck weight de- 
creased from +0.26 percent in 1993 to +0.19 percent in 1999. 

Between 1993 and 1999, the average weight of new pas- 
senger cars increased about 100 lb, and that of new light 
trucks increased about 300 lb.6 The results in the preceding 

61n 1999, the average weight of cars registered was 2,916 Ib; for trucks, 
3,739 Ib. See footnote 5 also. 
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paragraph suggest that the fatality risk from all car crashes 
has declined as a result of this weight gain by 1.26 percent 
(or about 320 fewer fatalities), while the net fatality risk from 
light-truck crashes has increased by 0.57 percent (or about 
110 additional fatalities). The net result is an estimated 210 
fewer deaths in motor vehicle crashes of cars and light trucks 
(or between 10 and 400 with 95 percent confidence). Thus, 
the indications are that recent increases in vehicle weight, 
though detrimental to fuel economy, have saved lives in 
return. 

The preceding discussion has acknowledged some uncer- 
tainty associated with the safety analyses that were reviewed 
in the preparation of this chapter. Based on the existing Iit- 
erature, there is no way to apportion precisely the safety 
impacts, positive or negative, of weight reduction, size re- 
duction, vehicle redesign, and so on that accompanied the 
improvements in fuel economy that have occurred since the 
mid-1970s. But it is clear that there were more injuries and 
fatalities than otherwise would have occurred had the fleet in 
recent years been as large and heavy as the fleet of the mid- 
1970s. To the extent that the size and weight of the fleet have 
been constrained by CAFE requirements, the current com- 
mittee concludes that those requirements have caused more 
injuries and fatalities on the road than would otherwise have 
occurred. Recent increases in vehicle weight, while result- 
ing in some loss of fuel economy, have probably resulted in 
fewer motor vehicle crash deaths and injuries. 
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Technologies for Improving the Fuel Economy of 
Passenger Cars and Light-Duty Trucks 

I 

This chapter examines a variety of technologies that could 
be applied to improve the fuel economy of future passenger 
vehicles. It assesses their fuel economy potential, recogniz- 
ing the constraints imposed by vehicle performance, func- 
tionality, safety, cost, and exhaust emissions regulations. 

The committee reviewed many sources of information 
related to fuel economy-improving technologies and their 
associated costs, including presentations at public meet- 
ings and available studies and reports. It also met with au- 
tomotive manufacturers and suppliers and used consultants 
to provide additional technical and cost information (EEA, 
200 1; Sierra Research, 2001). Within the time constraints 
of this study, the committee used its expertise and engi- 
neering judgment, supplemented by the sources of infor- 
mation identified above, to derive its own estimates of the 
potential for fuel economy improvement and the associ- 
ated range of costs. 

In  addition, after the prepublication copy of the report 
was released in July 2001, the committee reexamined its 
technical analysis. Representatives of industry and other 
groups involved in fuel efficiency analysis were invited to 
critique the committee's methodology and results. Several 
minor errors discovered during this reexamination have been 
corrected in this chapter, and the discussion of the methodol- 
ogy and results has been clarified. The reexamination is pre- 
sented in Appendix F. 

FUEL ECONOMY OVERVIEW 
To understand how the fuel economy of passenger ve- 

hicles can be increased, one must consider the vehicle as a 
system. High fuel economy is only one of many vehicle 
attributes that may be desirable to consumers. Vehicle per- 
formance, handling, safety, comfort, reliability, passenger- 
and load-carrying capacity, size, styling, quietness, and 
costs are also important features. Governmental regulations 
require vehicles to meet increasingly stringent require- 

ments, such as reduced exhaust emissions and enhanced 
safety features. Ultimately these requirements influence 
final vehicle design, technology content, and-the subject 
of this report-fuel economy. Manufacturers must assess 
trade-offs among these sometimes-conflicting characteris- 
tics to produce vehicles that consumers find appealing and 
affordable. 

Engines that burn gasoline or diesel fuel propel almost all 
passenger cars and light-duty trucks. About two-thirds of the 
available energy in the fuel is rejected as heat in the exhaust 
and coolant or frictional losses. The remainder is transformed 
into mechanical energy, or work. Some of the work is used to 
overcome frictional losses in the transmission and other parts 
of the drive train and to operate the vehicle accessories (air 
conditioning, alternatodgenerator, and so on). In addition, 
standby losses occur to overcome engine friction and cooling 
when the engine is idling or the vehicle is decelerating. 

As a result, only about 12 to 20 percent of the original 
energy contained in the fuel is actually used to propel the 
vehicle. This propulsion energy overcomes (1) inertia 
(weight) when accelerating or climbing hills, (2) the resis- 
tance of the air to the vehicle motion (aerodynamic drag), 
and (3) the rolling resistance of the tires on the road. Con- 
sequently, there are two general ways to reduce vehicle 
fuel consumption: ( I )  increase the overall efficiency of the 
powertrain (engine, transmission, final drive) in order to 
deliver more work from the fuel consumed or (2) reduce 
the required work (weight, aerodynamics, rolling resis- 

'Theoretically gasoline or diesel engines (and fuel cells) can convert all 
of the fuel energy into useful work. In practice, because of heat transfer, 
friction, type of load control, accessories required for engine operation, 
passenger comfort, etc., the fraction used to propel the vehicle varies from 
as low as zero (at idling) to as high as 40 to 50 percent for an efficient diesel 
engine (gasoline engines are less efficient). Further losses occur in the drive 
train. As a result, the average fraction of the fuel convened to work to 
propel the vehicle over typical varying-load operation is about 20 percent of 
the fuel energy. 
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FIGURE 3- 1 Energy use in vehicles. SOURCE: Adapted from Riley (1 994). 

tance, and accessory load) to propel the vehicle. These con- 
cepts are illustrated in Figures 3-1 and 3-2. Regenerative 
braking and shutting the engine off during idling also save 
energy, as discussed in the section on hybrid electric ve- 
hicles, below. 

Vehicle fuel economy currently is determined according 
to procedures established by the Environmental Protection 
Agency (EPA). Vehicles are driven on a dynamometer in a 
controlled laboratory (in order to eliminate weather and road 
variables.)2 Both city and highway driving are simulated. 
The city test is a 7.5-mile trip lasting 23 minutes with 18 
stops, at an average speed of about 20 miles per hour (mph). 
About 4 minutes are spent idling (as at a traffic light), and a 
short freeway segment is included. The vehicle begins the 
test after being parked overnight at about 72°F (22°C) (cold 
soak). The highway test is a 10-mile trip with an average 
speed of about 48 mph. The test is initiated with a warmed- 
up vehicle (following the city test) and is conducted with no 
stops and very little idling. The basis for compliance with 
CAFE (and comparison of the technologies below) is the 
current EPA Federal Test Procedure (FTP-75) with city, 

*Aerodynamic drag is accounted for in the results by incorporating coast- 
down data from other tests. Nevertheless, there are significant differences 
between the mileage tests and red-life driving. For example, the dynamom- 
eter is connected to only one pair of tires, but on the road, all tires a x  
rolling. Most drivers experience lower fuel economy than suggested by 
EPA’s results. It should be noted that the lest driving cycles were derived 
from traffic pattern observations made many years ago, which may not be 
representative now. A review of the validity of the test cycles for today’s 
traffic patterns would seem appropriate. 

highway, and combined (55 percent cityf45 percent high- 
way) ratings in miles per gallon (mpg) (CFR, 2000). 

During city driving, conditions such as acceleration, en- 
gine loading, and time spent braking or at idle are continu- 
ally changing across a wide range of conditions. These varia- 
tions result in wide swings in fuel consumption. Inertial loads 
and rolling resistance (both directly related to weight) com- 
bined account for over 80 percent of the work required to 
move the vehicle over the city cycle, but less for the high- 
way cycle. A reduction in vehicle weight (mass) therefore 
has a very significant effect on fuel consumption in city driv- 
ing. This strong dependence on total vehicle weight explains 
why fuel consumption for the new vehicle fleet correlates 
linearly with vehicle curb weight, as shown in Attachment 
3A. 

Weight reduction provides an effective method to reduce 
fuel consumption of cars and trucks and is an important goal 
for the government-industry program Partnership for a New 
Generation of Vehicles (PNGV). Reducing the required pro- 
pulsion work reduces the load required from the engine, al- 
lowing the use of a smaller engine for the same performance. 
In the search for lightweight materials, PNGV has focused 
on materials substantially lighter than the steel used in most 
current vehicles. Components and body structure fabricated 
from aluminum, glass-fiber-reinforced polymer composites 
(GFRP), and carbon-fiber-reinforced polymer composites 
(CFRP), including hybrid structures, are being investigated 
(NRC, 2000a). 

Reducing vehicle weight without reducing practical space 
for passengers and cargo involves three strategies: (1) sub- 
stitution of lighter-weight materials without compromising 
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FIGURE 3-2 Where the energy in the fuel goes (proportions vary with vehicle design, type of engine, and operating conditions). SOURCE: 
NRC (1992). 

structural strength (e.g., aluminum or plastic for steel); 
(2) improvement of packaging efficiency, that is, redesign of 
the drive train or interior space to eliminate wasted space; 
and (3) technological change that eliminates equipment or 
reduces its size. Design efficiency and effectiveness can also 
result in lighter vehicles using the same materials and the 
same space for passengers and cargo. 

Automotive manufacturers must optimize the vehicle and 
its powertrain to meet the sometimes-conflicting demands 
of customer-desired performance, fuel economy goals, emis- 
sions standards, safety requirements, and vehicle cost within 
the broad range of operating conditions under which the ve- 
hicle will be used. This necessitates a vehicle systems analy- 
sis. Vehicle designs trade off styling features, passenger 
value, trunk space (or exterior cargo space for pickups), and 
utility. These trade-offs will likewise influence vehicle 
weight, frontal area, drag coefficients, and power train pack- 
aging, for example. These features, together with engine per- 
formance, torque curve, transmission characteristics, control 
system calibration, noise control measures, suspension char- 
acteristics, and many other factors, will define the drivability, 
customer acceptance, and marketability of the vehicle. 

Technology changes modify the system and hence have 
complex effects that are difficult to capture and analyze. It is 
usually possible, however, to estimate the impacts of spe- 
cific technologies in terms of a percentage savings in fuel 
consumption for a typical vehicle without a full examination 
of all the system-level effects. Such a comparative approach 
is used in this ~ h a p t e r . ~  

Although CAFE standards and EPA fuel economy rat- 
ings are defined in the now-familiar term miles per gallon 
(mpg), additional assessment parameters have been identi- 

3Further explanation of the methodology is provided in Appendix F. 

fied to assist in the evaluation process, including fuel con- 
sumption in gallons per 100 miles; load-specific fuel 
consumption (LSFC) in gallons per ton (of cargo plus pas- 
sengers) per 100 miles; and weight-specific fuel consump- 
tion (WSFC) in gallons per vehicle weight per 100 miles. 
Attachment 3A further explains why these parameters are 
meaningful engineering relationships by which to judge fuel 
economy and the efficiency of moving the vehicle and its 
intended payload over the EPA cycle. 

Figure 3-3 shows the actual energy efficiency of vehicles 
of different weights. For both city and highway cycles, the 
fuel consumed per ton of weight and per 100 miles is plotted 
against the weight of the vehicle. Normalizing the fuel con- 
sumption (dividing by weight) yields an efficiency factor (in 
an engineering sense), which is particularly useful in com- 
paring fuel savings opportunities. It is also useful that the 
weight-adjusted or normalized values can be reasonably ap- 
proximated by a horizontal line. Points above the line repre- 
sent vehicles with lower-than-average efficiency, which re- 
quire more than the average amount of fuel to move a vehicle 
of a given weight over the EPA certification cycle. In prin- 
ciple, given sufficient lead time and business incentives (eco- 
nomic or regulatory), the vehicles above the line could be 
improved to the level of those below the line, within the 
limits of customer-desired performance and vehicle utility 
features. As an example, a 4,000-lb vehicle, in principle, 
could drop from 2 gallons per ton-100 miles (25 mpg) on the 
highway cycIe to 1.4 (35.7 mpg) using technologies dis- 
cussed later in this chapter. However, although larger, 
heavier vehicles have greater fuel consumption than smaller, 
lighter vehicles, their energy efficiencies in moving the ve- 
hicle mass (weight) are very similar. These data also suggest 
that the potential exists to improve fuel consumption in fu- 
ture vehicles. However, changing conditions such as safety 
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FIGURE 3-3 EPA data for fuel economy for M y  2000 and 2001 cars and light trucks. SOURCE: EPA, available online at <http:1/ 
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regulations, exhaust emission standards, consumer prefer- 
ences, and consumer-acceptable costs must be traded off. 
The remainder of this chapter attempts to outline this com- 
plex relationship. 

Future Exhaust Emission and Fuel Composition Standards 

New environmental regulations will have a significant 
impact on certain technologies that have demonstrated the 
potential for significantly improving fuel economy. In par- 
ticular, the possible introduction of diesel engines and lean- 
burn, direct-injection gasoline engines will be affected. Ox- 
ides of nitrogen (NO,) and particulate matter (PM) standards 
are particularly stringent (NRC, 2000b) compared, for in- 
stance, with current and future standards in Europe, where 
diesel and lean-bum gasoline have significant market pen- 
etration. 

The Clean Air Act Amendments of 1990 imposed new 
federal regulations on automotive emissions and authorized 
EPA to determine the need for and cost and feasibility of 
additional standards. EPA made this determination and will 
initiate so-called Tier 2 regulations, phasing them in over 
model years 2004 to 2009. The Tier 2 standards are very 
complex and will not be addressed here in detail. However, 
certain key features will be mentioned as they impact poten- 
tial fuel economy gains. Unlike current emission standards, 
Tier 2 standards will vary depending on vehicle type rather 
than weight class. Interim phase-in schedules and durability 

requirements (the life expectancy that must be demonstrated 
for emission control systems) also vary by weight. 

Emissions from large sport utility vehicles (SUVs) and 
passenger vans weighing between 8,500 and 10,000 lb gross 
vehicle weight (GVW), which are currently exempt under 
Tier 1, will be regulated under Tier 2 standards. However, 
pickup trucks in this same weight range (NRC, 2000b) will 
not. EPA has also promulgated regulations to reduce sulfur 
in gasoline to 30 parts per million (ppm) (EPA, 1999) and in 
diesel fuel to 15 ppm (EPA, 2000b). 

Tier 2 includes a “bin” system that allows manufacturers 
to average emissions across the fleet of vehicles they sell 
each year, unlike the current system that requires each ve- 
hicle to meet the same emissions standard. Vehicles certified 
in a particular bin must meet all of the individual emission 
standards (NO,, nonmethane organic gases, CO, formalde- 
hyde, PM) for that bin. In addition, the average NO, emis- 
sions level of the entire fleet sold by a manufacturer will 
have to meet the standard of 0.07 g/mile. During the phase- 
in period, 10 bins will be allowed, but after 2009, the 2 most 
lenient bins will be dropped. 

EPA has communicated its belief that the combination of 
bins, averaging, and a phase-in period could allow the intro- 
duction of new diesel and other high-efficiency engine tech- 
nology. However, the high development and production 
costs for such engines, combined with the high uncertainty 
of meeting the ultimately very low NO, and PM standards, 
even with the reduced sulfur level in diesel fuel (15 ppm) 

http:1


____ ~~ - 
~ ~. __- ~~~ 

TECHNOLOGIES FOR IMPROVING THE FUEL ECONOMY OF PASSENGER CARS AND LIGHT-DUTY TRUCKS 35 

that will be available in 2006 @PA, 2000b), has delayed 
production decisions. In general, the committee believes that 
the Tier 2 NO, and PM standards will inhibit, or possibly 
preclude, the introduction of diesels into vehicles under 
8,500 Ib unless cost-effective, reliable, and regulatory-com- 
pliant exhaust gas aftertreatment technology develops rap- 
idly. A key challenge is the development of emission control 
systems that can be certified for a 120,000-mile lifetime. 

In theory, the bin system will allow diesels to penetrate 
the light-duty vehicle market, but manufacturers must still 
meet the stringent fleet average standard. For example, for 
every vehicle in bin 8 (0.2 glmile NO,), approximately seven 
vehicles in bin 3 (0.03 g/mile) would have to be sold in order 
to meet the 0.07 g/mile fleet-average NO, standard. 

These same factors have caused the committee to con- 
clude that major market penetration of gasoline direct-injec- 
tion engines that operate under lean-bum combustion, which 
is another emerging technology for improving fuel economy, 
is unlikely without major emissions-control advancements. 

California’s exhaust emission requirements-super 
ultralow emission vehicle (SULEV) and partial zero emis- 
sion vehicle (PZEV)-are also extremely challenging for the 
introduction of diesel engines. In particular, the California 
Air Resources Board (CARB) has classified PM emissions 
from diesel-fueled engines as a toxic air contaminant 
(CARB, 1998). (Substances classified as toxic are required 
to be controlled.) 

TECHNOLOGIES FOR BEl lER FUEL ECONOMY 
The 1992 NRC report outlined various automotive tech- 

nologies that were either entering production at the time or 
were considered as emerging, based on their potential and 
production intent (NRC, 1992). Since then, many regulatory 
and economic conditions have changed. In addition, auto- 
motive technology has continued to advance, especially in 
microelectronics, mechatronics, sensors, control systems, 
and manufacturing processes. Many of the technologies 
identified in the 1992 report as proven or emerging have 
already entered production. 

The committee conducted an updated assessment of 
various technologies that have potential for improving fuel 
economy in light-duty vehicles. This assessment takes 
into account not only the benefits and costs of applying the 
technologies, but also changes in the economic and regula- 
tory conditions, anticipated exhaust emission regulations, 
predicted trends in fuel prices, and reported customer 
preferences. 

The technologies reviewed here are already in use in some 
vehicles or are likely to be introduced in European and 
Japanese vehicles within 15 years. They are discussed below 
under three general headings: engine technologies, transmis- 
sion technologies, and vehicle technologies. They are listed 
in general order of ease of implementation or maturity of the 
technology (characterized as “production intent” or “emerg- 

ing”). The committee concludes its assessment of potential 
technologies with some detailed discussion of the current 
and future generations of hybrid vehicles and fuel- cell power 
sources. 

For each technology assessed, the committee estimated 
not only the incremental percentage improvement in fuel 
consumption (which can be converted to fuel economy in 
miles per gallon [mpg] to allow comparison with current 
EPA mileage ratings) but also the incremental cost that ap- 
plying the technology would add to the retail price of a ve- 
hicle. The next subsection of this chapter, “Technologies 
Assessed,” reviews the technologies and their general ben- 
efits and challenges. 

After that, the section “Estimating Potential Fuel Econ- 
omy Gains and Costs” presents estimates of the fuel con- 
sumption benefits and associated retail costs of applying 
combinations of these technologies in 10 classes of produc- 
tion vehicles. For each class of vehicle, the committee 
hypothesizes three exemplary technology paths (technology 
scenarios leading to successively greater improvements in 
fuel consumption and greater cost). 

Technologies Assessed 
The engine, transmission, and vehicle technologies dis- 

cussed in this section are all considered likely to be available 
within the next 15 years. Some (called “production intent” in 
this discussion) are already available, are well known to 
manufacturers and their suppliers, and could be incorporated 
in vehicles once a decision is reached to use them. Others 
(called “emerging” in this discussion) are generally beyond 
the research phase and are under development. They are suf- 
ficiently well understood that they should be available within 
10 to 15 years. 

Engine Technologies 

The engine technologies discussed here improve the 
energy efficiency of engines by reducing friction and other 
mechanical losses or by improving the processing and com- 
bustion of fuel and air. 

Production-Intent Engine Technologies The engine tech- 
nologies discussed here could be readily applied to produc- 
tion vehicles once a decision is made to proceed, although 
various constraints may limit the rate at which they penetrate 
the new vehicle fleet: 

Engine friction and other mechanicalhydrodynamic 
loss reduction. Continued improvement in engine 
component and system design, development, and com- 
puter-aided engineering (CAE) tools offers the poten- 
tial for continued reductions of component weight and 
thermal management and hydrodynamic systems that 
improve overall brake-specific efficiency. An im- 
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provement in fuel consumption of 1 to 5 percent is 
considered possible, depending on the state of the 
baseline engine. 
Application of advanced, Iow-friction lubricants. The 
use of low-friction, multiviscosity engine oils and 
transmission fluids has demonstrated the potential to 
reduce fuel consumption by about 1 percent, compared 
with conventional lubricants. 
Multivalve, overhead camshaj? valve trains. The ap- 
plication of single and double overhead cam designs, 
with two, three, or four valves per cylinder, offers the 
potential for reduced frictional losses (reduced mass 
and roller followers), higher specific power (hpAiter), 
engine downsizing, somewhat increased compression 
ratios, and reduced pumping losses. Depending on the 
particular application and the trade-offs between valve 
number, cost, and cam configuration (single overhead 
cam [SOHC] or double overhead cam [DOHC]), im- 
provements in fuel consumption of 2 to 5 percent are 
possible, at constant performance, including engine 
downsizing (Chon and Heywood, 2000). However, 
market trends have many times shown the use of these 
concepts to gain performance at constant displace- 
ment, so that overall improvements in fuel consump- 
tion may be less. 
Variable valve timing (VVT). Variation in the cam 
phasing of intake valves has gained increasing market 
penetration, with an associated reduction in produc- 
tion cost. Earlier opening under low-load conditions 
reduces pumping work. Under high-load, high-speed 
conditions, variations in cam phasing can improve 
volumetric efficiency (breathing) and help control re- 
sidual gases, for improved power. Improvements in 
fuel consumption of 2 to 3 percent are possible through 
this technology (Chon and Heywood, 2000; Leone et 
al., 1996). 
Variable valve lift and timing (WLT) .  Additional ben- 
efits in aidfuel mixing, reduction in pumping losses, 
and further increases in volumetric efficiency can be 
gained through varying timing and valve lift (staged or 
continuous). Depending upon the type of timing and 
lift control, additional reductions in fuel consumption 
of 1 to 2 percent, above cam phasing only, are possible 
(Pierik and Burkhanrd, 2000), or about 5 to 10 percent 
compared to two-valve engines (including downsizing 
with constant performance). 
Cylinder deactivation. An additional feature that can 
be added to variable valve lift mechanisms is to allow 
the valves of selected cylinders to remain closed, with 
the port fuel injection interrupted. Currently, this tech- 
nology is applied to rather large engines ( ~ 4 . 0  liter) in 
V8 and V I 2  configurations. This approach, which is 
sometimes referred to as a variable displacement en- 
gine, creates an “air spring” within the cylinder. Al- 
though both frictional and thermodynamic losses oc- 

cur, they are more than offset by the increased load 
and reduced specific fuel consumption of the remain- 
ing cylinders. However, engine transient performance, 
idle quality, noise, and vibration can limit efficiency 
gains and must be addressed. Improvements in fuel 
consumption in the range of 3 to 6 percent are pos- 
sible, even given that reductions in throttling losses 
associated with higher load factors over the operating 
cycle cannot be double counted. 
Engine accessory improvement. As engine load and 
speed ranges continue to advance, many engine acces- 
sories such as lubrication and cooling systems and 
power steering pumps are being optimized for reduc- 
tions in energy consumption and improved matching 
of functionality over the operating range. The evolu- 
tion of higher-voltage (i.e., 42 V) powertrain and ve- 
hicle electrical systems will facilitate the cost-efficient 
applications of such components and systems. Im- 
provements in fuel consumption of about 1 to 2 per- 
cent are possible with such technologies. 
Engine downsizing andsupercharging. Additional im- 
provements in fuel consumption can be gained by re- 
ducing engine displacement and increasing specific 
power (while maintaining equal performance) by 
boosting the engine (turbocharger or mechanical su- 
percharger). Degraded transient performance (turbo- 
lag) typically associated with turbochargers can be sig- 
nificantly offset by incorporating variable geometry 
turbines or mechanical (positive displacement) super- 
chargers. Additional modifications for transmission 
matching, aftertreatment system warm-up, and other 
factors that can degrade exhaust emissions control 
must also be considered. Improvements in fuel con- 
sumption of 5 to 7 percent are considered possible with 
this approach, at equivalent vehicle performance 
(Ecker, 2000). However, when this concept is com- 
bined with multivalve technology, total improvements 
of about 10 percent are possible compared with a two- 
valve engine baseline. 

Emerging Engine Technologies The following engine tech- 
nologies are considered emerging for passenger car and light- 
duty truck applications. Significant market penetration in the 
United States is likely to take 5 to 10 years. Some of them 
are already in production elsewhere (in Japan or Europe), 
where they may benefit from high fuel taxes, government 
incentives for particular engine types or displacements, and 
more lenient exhaust emission or vehicle safety standards. 
The discussion that follows outlines not only the benefits but 
also the technical challenges or economic hurdles for each 
technology. 

Intake valve throttling (IVT). Advances in micropro- 
cessor technology, feedback control, electromechani- 
cal actuation, sensor technology, and materials con- 
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tinue to accelerate. As a result, electromechanical 
IVT is advancing to the point where BMW has an- 
nounced the introduction of its so-called Valvetronic 
concept. When multipoint fuel injection is used, both 
the lift and timing of the intake valves can be con- 
trolled to maintain the correct aidfuel ratio without a 
throttle plate. This has the potential to essentially 
eliminate the pumping losses across the normal but- 
terfly throttle valve. Also important is the potential 
to use conventional three-way-catalyst (TWC) after- 
treatment technology and incorporate cylinder deac- 
tivation. However, significant cost and complexity in 
actuation, electronic control, and system calibration 
are to be expected. Improvements in fuel consump- 
tion of an additional 3 to 6 percent above W L T  are 
possible with this technology. Compared with two- 
valve engines, total system improvements may ap- 
proach 6 to 12 percent. 
Camless valve actuation (CVA). A further evolution 
of fast-acting, completely variable valve timing (not 
limited by the lift curve of a camshaft) is represented 
by electromechanical solenoid-controlled, spring- 
mass valve (EMV) systems (Siemens, BMW, FEV) 
and high-pressure hydraulic-actuated valves with 
high-speed, digital control valve technology (Ford, 
Navistar). In addition to reducing pumping losses, 
this technology facilitates intake port and cylinder 
deactivation and allows the use of conventional 
TWC aftertreatment. Technical challenges in the 
past for EMV have been to minimize energy con- 
sumption and achieve a soft landing of the valve 
against the seat during idle and low-speed, low-load 
operation, for acceptable noise levels. These issues 
appear to be solved through advances in sensor and 
electromagnetic technologies. EMV systems are ex- 
pected to see limited production within 5 to 7 years. 
Improvements in fuel consumption of 5 to 10 per- 
cent relative to VVTL are possible with this tech- 
nology. Compared with fixed-timing, four-valve 
engines, total system improvements of 15 percent 
or more have been demonstrated (Pischinger et al., 
2000). 
Variable compression ratio (VCR) engines. Current 
production engines are typically limited in compres- 
sion ratio (CR) to about 10: 1 to 10.5: 1 with the use of 
high-octane fuel, owing to knocking under high load. 
However, significant improvements in fuel consump- 
tion could be gained with higher CR under noma1 
driving cycles. Many different VCR approaches that 
allow improved efficiency under low load with high 
CR (13-14:l) and sufficient knock tolerance under full 
load with lower CR (-8:l) are under development. 
Saab appears to have the most advanced VCR proto- 
types. Automakers, suppliers, and R&D organizations 
are currently exploring many other approaches that are 

applicable to both inline and Vee engine configura- 
tions. Several of these are expected to enter production 
within 10 years. Compared with a conventional four- 
valve VVT engine, improvements in  fuel consumption 
of 2 to 6 percent are possible (Wirbeleit et al., 1990). 
The combination of VCR with a supercharged, 
downsized engine is likely to be effective, giving the 
maximum advantage of both systems and reducing 
total fuel consumption, at constant performance, by 
10 to 15 percent. However, the potential complexity 
of the hardware, system durability, control system 
development, and cost must be traded off for produc- 
tion applications. 

Many additional engine technologies with good potential 
for improved fuel consumption are the subject of R&D. 
Others are currently offered in markets with higher fuel 
prices (due to higher taxes) or exhaust emission standards 
more lenient than the upcoming federal Tier 2 emission stan- 
dards (or California’s SULEV standards, set to begin in 
model year 2004). A brief summary of these technologies is 
presented below, including reference to the areas of uncer- 
tainty and the need for further development. 

Direct-injection (DI) gasoline engines. Stratified- 
charge gasoline engines burning in a lean mode (when 
more air is present than required to burn the fuel) offer 
improved thermodynamic efficiency. However, the 
technology faces potential problems in controlling par- 
ticulate emissions and NO,. Trade-offs between the 
maximum operating range under lean conditions ver- 
sus stoichiometric operation (when the exact amount 
of air needed to burn the fuel is present) with early 
injection must be developed. Although lean-bum DI 
engines of the type offered in Europe could improve 
fuel consumption by more than 10 percent, NO,-con- 
trol requirements that necessitate stoichiometric op- 
eration and the use of TWCs limit the potential fuel 
consumption improvement to between 4 and 6 percent 
(Zhao and Lai, 1997). 
Direct-injection diesel engines. The application of 
small (1.7- to 4.O-liter), high-speed (4,500-rpm), tur- 
bocharged, direct-injection diesel engines has seen tre- 
mendous expansion in passenger cars and light-duty 
trucks in Europe. Increasing power densities (>70 hp/ 
liter), achieved through the application of advanced, 
high-pressure, common-rail fuel injection systems; 
variable geometry turbochargers; and advances in 
noise, vibration, and harshness (NVH) control tech- 
nologies, combined with high-efficiency, lean-burn 
combustion systems and practically smokeless and 
odorless emissions, have greatly improved customer 
acceptance in Europe. The high low-speed torque and 
relatively flat torque curve also offer significant 
drivability improvements. Fuel consumption improve- 
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ments of 30 to 40 percent or more are possible com- 
pared with conventional two-valve gasoline engines. 
The challenges, which inhibit widespread introduction 
in the United States, include meeting strict NO, and 
particulate emission standards for Tier 2 and SULEV; 
much higher engine and vehicle purchase price ($2,000 
to $3,000) than conventional gasoline engines; and 
uncertain U.S. customer acceptance. The creation of 
NO, and particulate emissions is exacerbated by the 
stratification present in the fueUair mixture resulting 
from in-cylinder injection. R&D activities continue on 
emission control through advanced combustion and 
fuel injection concepts, fuel composition (low sulfur), 
aftertreatment technologies (selective catalytic reduc- 
tion [SCR], NO, traps, particulate filters), and control 
of noise and vibration. Although DI diesel engines are 
offered in some trucks over 8,500 lb and are offered by 
one manufacturer (VW) for passenger cars under cur- 
rent Tier l emissions standards, wide use in sport util- 
ity vehicles (SUVs) and light-duty trucks has not 
occurred, and the ability of this technology to comply 
with the upcoming Tier 2 and SULEV standards is 
highly uncertain. 

Transmission Technologies 

The second group of technologies assessed by the com- 
mittee involves improvements in the efficiency with which 
power is transmitted from the engine to the driveshaft or 
axle. 

Production-intent Transmission Technologies Over the 
past 10 years, transmission technologies have been evolving 
toward increasing electronic control, adapting torque con- 
verter lock-up, four- and five-speed automatics (from three- 
and four-speed), and various versions of all-wheel drive 
(AWD) or four-wheel drive (4WD) and traction control, 
ranging from continuous, traction-controlled AWD to auto- 
matic 2WD-4WD traction control in some S U V s .  

Five-speed automatic transmission. A five-speed au- 
tomatic transmission permits the engine to operate in 
its most efficient range more of the time than does a 
four-speed transmission. A fuel consumption improve- 
ment of 2 to 3 percent is possible, at constant vehicle 
performance, relative to a four-speed automatic. 
Continuously variable transmission (CVT). Several 
versions of continuously variable transmissions are 
offered in production in Europe and Japan and a few in 
the United States (by Honda and Toyota). Historically, 
these transmission types have used belts or chains of 
some kind to vary speed ratios across two variable- 
diameter pulleys. The major production units utilize 
compression belts (VanDorne) or tension chains. Other 

approaches are also being pursued for future produc- 
tion. Depending on the type of CVT and the power/ 
speed range of the engine, this technology can improve 
fuel consumption by about 4 to 8 percent. However, 
production cost, torque limitations, and customer ac- 
ceptance of the system’s operational characteristics 
must be addressed. 

Emerging Transmission Technologies Automotive manu- 
facturers continue to seek ways to reduce the mechanical 
(frictional and hydrodynamic) losses of transmissions and 
improve their mating with engines. The various types of hy- 
brid vehicles will also involve changes in conventional trans- 
missions. These emerging technologies are likely to be avail- 
able in the latter part of the current decade. 

Automatic transmission with aggressive shift logic. 
Shift schedules, logic, and control of torque transfer 
can significantly affect perceived shift quality. Ad- 
vanced work on methods to reduce losses associated 
with torque converters or torque dropout is being pur- 
sued. It is estimated that a l to 3 percent improvement 
in fuel consumption can be obtained through such 
measures. However, these will be highly affected by 
customer perception in the United States and may re- 
quire quite some time for significant acceptance. 
Six-speed automatic transmission. Advanced six- 
speed automatic transmissions can approach the per- 
formance of CVT transmissions without limitations in 
the ability to transmit torque. An additional improve- 
ment of 1 to 2 percent in fuel consumption is possible, 
compared to a five-speed automatic. Based on their 
higher cost and control complexity, such transmissions 
will probably see only limited introduction-namely, 
in high-end luxury or performance vehicles. 
Automatic shiwmanual transmission (ASM/AMT). In 
the continuing quest to reduce mechanical losses, 
manufacturers are developing new generations of au- 
tomatic transmissions that eliminate the hydraulic 
torque converter and its associated pump, replacing it 
with electronically controlled clutch mechanisms. This 
approach offers two basic possibilities: The torque 
from different gear sets can be intermittently inter- 
rupted (as in a conventional manual transmission) 
through the use of a single electronically controlled 
clutch; or the torque can be continuously controlled, 
without dropout, through the use of two electronically 
controlled clutches. Improvements in fuel consump- 
tion of 3 to 5 percent over a conventional four-speed 
automatic transmission with hydraulic torque con- 
verter are possible. However, increased cost, control 
system complexity, durability, and realizable fuel con- 
sumption gain versus acceptable shift quality for U.S. 
customers must be addressed. 
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Advanced CVT. Continued advances in methods for 
high-efficiency, high-torque transfer capability of 
CVTs are being pursued. New versions of CVTs that 
will soon enter production incorporate toroidal fric- 
tion elements or cone-and-ring assemblies with vary- 
ing diameters. However, these versions also have 
trade-offs of torque capability vs. frictional losses. 
These next-generation transmissions have the poten- 
tial to improve fuel consumption by about 0 to 2 per- 
cent (relative to current CVTs), with higher torque ca- 
pabilities for broader market penetration. However, 
production cost, system efficiency, and customer ac- 
ceptance of the powertrain operational characteristics 
must still be addressed. 

Vehicle Technologies 

By reducing drag, rolling resistance, and weight, the fuel 
consumption of vehicles could, in principle, be cut rather 
sharply in the relatively near term. Manufacturers, however, 
would quickly run into serious trade-offs with performance, 
carrying capacity, and safety. Also to be considered are novel 
vehicle concepts such as hybrid electrics, powered by vari- 
ous combinations of internal combustion engines and batter- 
ies or fuel cells. The following discussion reviews both 
production-intent and emerging vehicle technologies. 

Production-Intent Vehicle Technologies The following 
fuel consumption measures are deemed available in the near 
term (almost immediately after a decision to use them is 
made): 

Aerodynamic drag reduction on vehicle designs. This 
improvement can be very cost-effective if incorporated 
during vehicle development or upgrades. However, 
vehicle styling and crashworthiness have significant 
influences on the ultimate levels that can be achieved. 
For a 10 percent reduction in aerodynamic drag, an 
improvement in fuel consumption of 1 to 2 percent can 
be achieved. As drag coefficients proceed below about 
0.30, however, the design flexibility becomes limited 
and the relative cost of the vehicle can increase dra- 
matically. Substituting video minicameras for side- 
view mirrors (e.g., as is being done for the PNGV con- 
cept vehicles) would be advantageous but would 
necessitate a change in safety regulations (NRC, 
2000a). 
Rolling resistance. Continued advances in tire and 
wheel technologies are directed toward reducing roll- 
ing resistance without compromising handling, com- 
fort, or braking. Improvements of about 1 to 1.5 
percent are considered possible. The impacts on per- 
formance, comfort, durability, and safety must be 
evaluated, however. 

Vehicle weight reduction. Reducing vehicle weight 
while maintaining acceptable safety is a difficult bal- 
ance to define. While most manufacturers believe that 
some reduction in vehicle weight can be accom- 
plished without a measurable influence on in-use 
safety, debate continues on how much weight can be 
reduced without compromising crush space, by using 
lighter-weight materials and better, more crashwor- 
thy designs. 

Emerging Vehicle Technologies Several advanced vehicle 
technologies are being considered for near-term production. 
Interest in these technologies has been fostered by the PNGV 
program. In addition, a wide variety of hybrid vehicle tech- 
nologies are being explored for initial introduction within 
the next 5 to 10 years. This section reviews vehicle technolo- 
gies that have been identified by the industry for introduc- 
tion within the next 10 years. 

Forty-two volt electrical system. Most automotive 
manufacturers are planning a transition to 42-V elec- 
trical systems to support the continuing need for in- 
creased electrical power requirements for next-genera- 
tion passenger vehicles. Higher voltage will reduce 
electrical losses and improve the efficiency of many 
onboard electrically powered systems. It will also al- 
low new technologies such as electric power steering, 
which can be significantly more efficient than current 
technology. Fuel consumption reductions associated 
with the implementation and optimization of related 
systems are expected to range from I to 2 percent. 
Integrated startedgenerator (ISG). Significant im- 
provements in fuel consumption under real-world op- 
erating conditions can be gained by turning the engine 
off during idle, while operating the necessary acces- 
sories electrically (air conditioning presents a major 
challenge, however). ISG systems providing nearly in- 
stantaneous engine restart are now planned for pro- 
duction. Idle stop, under many conditions, is expected 
to achieve a 4 to 7 percent reduction in fuel consump- 
tion. Depending on the size and type of battery chosen, 
it is also possible to recover electrical energy through 
regenerative braking and subsequent launch assist us- 
ing ISG technology. Doing so adds cost, complexity, 
and weight but could improve fuel consumption by a 
total of 5 to 10 percent. 
Hybrid electric vehicles. Hybrid electric vehicles of 
various types are in different stages: Some are starting 
to be introduced, others are in advanced stages of de- 
velopment, and still others are the focus of extensive 
research by nearly all the large automotive manufac- 
turers. They include so-called “mild hybrids” (with 
regenerative braking, ISG, launch assist, and minimal 
battery storage); “parallel hybrids” (with the engine 
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powering either or both a mechanical drive train and 
an electric motodgenerator serving as additional pro- 
pulsion to recharge the battery); and “series hybrids” 
(in which the engine does not drive the wheels but 
always drives an electric motodgenerator to propel the 
vehicle, recharge the battery, or perform both func- 
tions simultaneously). 

The method and extent of hybridization depends on 
the vehicle type, its anticipated use, accessory pack- 
age, type of battery, and other considerations. The an- 
ticipated improvements in fuel consumption can there- 
fore vary, from about 15 percent for certain mild 
hybrids to about 30 percent for parallel hybrids. In gen- 
eral, series hybrids are not yet intended for even lim- 
ited production, owing to the relatively poor perfor- 
mance of electric power propulsion and the low 
efficiencies of current battery systems compared with 
mechanical drive systems. The varying complexity of 
the different hybrid types is reflected in large varia- 
tions in incremental cost. The cost premium of today’s 
limited-production mild hybrids is predicted to be 
$3,000 to $5,000 when they reach production volumes 
over 100,000 units per year. For fully parallel systems, 
which operate for significant periods entirely on the 
electrical drive, especially in city driving, the cost pre- 
mium can escalate to $7,500 or more. In addition to 
offering significant gains in fuel consumption, these 
vehicles have the potential for beneficial impacts on 
air quality. Further information on hybrids is provided 
in a separate section below. 
Fuel-cell hybrid electric vehicles. The most advanced 
emerging vehicle technology currently under research 
and development substitutes an electrochemical fuel 
ceI1 for the internal combustion engine. In proton ex- 
change membrane (PEM) fuel cells, hydrogen and 
oxygen react to produce electricity and water. Since 
gaseous hydrogen is difficult to store with reasonable 
energy density, many manufacturers are pursuing the 
decomposition of a liquid fuel (either methanol or 
gasoline) as a source of hydrogen, depending on cor- 
porate perceptions of future fuel availability. State-of- 
the-art fuel cell systems demonstrate the potential for 
long-term viability: They could realize high electro- 
chemical energy conversion efficiencies and very low 
local exhaust emissions, depending upon the type of 
fuel chosen and the associated reformation process to 
produce hydrogen. However, the presence of sulfur in 
gasoline could pose a significant problem-PEM poi- 
soning. Owing to its high potential for reducing fuel 
consumption, this emerging technology is receiving 
substantial R&D funding. However, most researchers 
and automotive manufacturers believe that successful 
commercial application of fuel cells for passenger ve- 
hicles is at least 10 to 15 years away. Further informa- 

tion on fuel cells is provided in a separate section later 
in this chapter. 

With the exception of fuel cells and series hybrids, the tech- 
nologies reviewed above are all currently in the production, 
product planning, or continued development stage, or are 
planned for introduction in Europe or Japan. The feasibility of 
production is therefore well known, as are the estimated pro- 
duction costs. However, given constraints on price imposed 
by competitive pressures in the U.S. market, only certain tech- 
nologies are considered practical or cost effective. 

As noted earlier, the exhaust emission standards in the 
United States (Tier 2 and SULEV) make the introduction 
of some high-fuel-economy technologies, such as lean- 
burn, direct-injection gasoline or high-speed DT diesel en- 
gines, uncertain. For these technologies to be viable, low- 
sulfur fuel must be available and particulate traps and NO, 
emissions controls (lean NO, catalyst, NO, trap, SCR) 
must be developed. Therefore, current powertrain strate- 
gies for gasoline-powered engines use mainly stoichio- 
metric aidfuel mixtures, for which three-way-catalyst 
aftertreatment is effective enough to meet future emission 
standards. 

ESTIMATING POTENTIAL FUEL ECONOMY GAINS 
AND COSTS 

To predict the costs associated with achieving improve- 
ments in fuel consumption, it is necessary to assess applica- 
tions of the committee’s list of technologies in production 
vehicles of different types. The committee estimated the 
incremental fuel consumption benefits and the incremental 
costs of technologies that may be applicable to actual 
vehicles of different classes and intended uses. The commit- 
tee has hypothesized three successively more aggressive (and 
costly) product development paths for each of 10 vehicle 
classes to show how economic and regulatory conditions 
may affect fuel economy: 

Path 1. This path assumes likely market-responsive 
or competition-driven advances in fuel economy us- 
ing production-intent technology that may be pos- 
sible under current economic (fuel price) and regula- 
tory (CAFE, Tier 2, SULEV) conditions and could 
be introduced within the next 10 years. It holds ve- 
hicle performance constant and assumes a 5 percent 
increase in vehicle weight associated with safety- 
enhancing features. 
Purh 2. This path assumes more aggressive advances 
in fuel economy that empIoy more costly production- 
intent technologies but that are technically feasible for 
introduction within the next 10 years if economic and/ 
or regulatory conditions justify their use. It also main- 
tains constant vehicle performance and assumes a 5 
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percent increase in vehicle weight associated with 
safety-enhancing features. 
Path 3. This path assumes even greater fuel economy 
gains, which would necessitate the introduction of 
emerging technologies that have the potential for 
substantial market penetration within 10 to 15 years. 
These emerging technologies require further develop- 
ment in critical aspects of the total system prior to com- 
mercial introduction. However, their thermodynamic, 
mechanical, electrical, and control features are consid- 
ered fundamentally sound. High-speed, direct-injec- 
tion diesel engines, for instance, are achieving sig- 
nificant market penetration in Europe. However, strict 
exhaust emission standards in the United States neces- 
sitate significant efforts to develop combustion or ex- 
haust aftertreatment systems before these engines can 
be considered for broad introduction. 

For each product development path, the committee esti- 
mated the feasibility, potential incremental fuel consumption 
improvement, and incremental cost for 10 vehicle classes: 

Passenger cars: subcompact, compact, midsize, and 
large; 
Sport utility vehicles: small, midsize, and large; and 
Other light trucks: small pickup, large pickup, and 
minivan. 

The three paths were estimated to represent vehicle devel- 
opment steps that would offer increasing levels of fuel 
economy gain (as incremental relative reductions in fuel con- 
sumption) at incrementally increasing cost. The committee 
has applied its engineering judgment in reducing the other- 
wise nearly infinite variations in vehicle design and technol- 
ogy that would be available to some characteristic examples. 
The approach presented here is intended to estimate the 
potential costs and fuel economy gains that are considered 
technically feasible but whose costs may or may not be 
recoverable, depending on external factors such as market 
competition, consumer demand, or government regulations. 

The committee assembled cost data through meetings and 
interviews with representatives of automotive manufactur- 
ers and component and subsystem suppliers and through 
published references. Cost estimates provided by component 
manufacturers were multiplied by a factor of 1.4 to approxi- 
mate the retail price equivalent (RPE) costs for vehicle manu- 
facturers to account for other systems integration, overhead, 
marketing, profit, and warranty issues (EEA, 2001). 

Experience with market competition has shown that the 
pricing of products can vary significantly, especially when 
the product is first introduced. Furthermore, marketing strat- 
egies and customer demand can greatly influence the RPE 
cost passed along to customers. Retail prices vary greatly, 
especially for components required to meet regulatory stan- 
dards (such as catalytic converters, air bags, or seat belts). 

The baseline fuel economies for these evolutionary cases 
are the lab results (uncorrected for on-road experience) on 
the 55/45 combined cycle for MY 1999 for each vehicle class 
@PA, 2001a). Both the average fuel economy (in mpg) and 
the initial fuel consumption (in gallons/100 miles) are shown 
in Tables 3-1 through 3-3. The incremental improvements, 
however, were calculated as percentage reductions in fuel 
consumption (gallons per 100 miles). (The two measures 
should not be confused; a 20 percent decrease in fuel 
consumption, for example, from 5 gallons per 100 miles to 
4 gallons per 100 miles, represents a 25 percent increase in 
fuel economy, from 20 mpg to 25 mpg.) The technology 
baseline for each vehicle class was set according to whether 
the majority of vehicles employed a given technology. Thus, 
all cars (but not trucks) are assumed to have four valves per 
cylinder and overhead camshafts even though a substantial 
number sold in the United States still have two valves, espe- 
cially large cars. 

The results of this technoIogy assessment are summarized 
for passenger cars in Table 3-1, for S W s  and minivans in 
Table 3-2, and for pickup trucks in Table 3-3. The distinc- 
tion between “production-intent” and “emerging” technolo- 
gies for engines, transmissions, and vehicles is maintained. 

For each technology considered, the tables give an esti- 
mated range for incremental reductions in fuel consumption 
(calculated in gallons per 100 miles). The ranges in fuel con- 
sumption improvement represent real-world variations that 
may result from many (sometimes competing) factors, in- 
cluding the baseline state of the engine, transmission, or ve- 
hicle; effectiveness in implementation; trade-offs associated 
with exhaust emissions, drivability, or corporate standards; 
trade-offs between price and performance; differences be- 
tween new system design, on the one hand, and carryover or 
product improvement on the other; and other calibration or 
consumer acceptance attributes such as noise and vibration. 

Similarly, the ranges of incremental cost in these tables 
represent variations to be expected depending on a number 
of conditions, including the difference between product 
improvement cycles and new component design; variations 
in fixed and variable costs, depending on manufacturer- 
specific conditions; commonality of components or sub- 
systems across vehicle lines; and evolutionary cost reduc- 
tions. In addition, since many of the cost figures were 
supplied by component and subsystem suppliers, a factor of 
1.4 was applied to the supplied cost to arrive at the W E  to 
the consumer. 

The analysis presented here is based on the average fuel 
consumption improvement and cost of each incremental 
technology, as shown in Tables 3-1, 3-2, and 3-3. For each 
vehicle class, the average fuel consumption improvement 
for the first technology selected is multiplied by the baseline 
fuel consumption (adjusted for the additional weight for 
safety improvements). This is then multiplied by the average 
improvement of the next technology, etc. Costs are simply 
added, starting at zero. Figures 3-4 to 3-13 show the incre- 
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TABLE 3-3 Fuel Consumption Technology Matrix-Pickup Trucks 
Retail Price 

Baseline: 2-valve, fixed timing, roller finger follower. Fuel Equivalent (RPE) Small Large 
Consumption ( 5 )  Pickup Pickup 
Improvement 
(6) Low High 1 2 3 1 2 3  

Production-intent engine technology 
Engine friction reduction 
Low-friction lubricants 
Multivalve. overhead camshaft (2-V vs. 4-V) 
Variable valve timing 
Variable valve lift and timing 
Cylinder deactivation 
Engine accessory improvement 
Engine supercharging and downsizing 

Production-intent transmission technology 
Five-speed automatic transmission 
Continuously variable transmission 
Automatic transmission w/aggressive shift logic 
Six-speed automatic transmission 

Production-intent vehicle technology 
Aero drag reduction 
Improved rolling resistance 

Safety technology 
5% safety weight increase 

Emerging engine technology 
Intake valve throttling 
Camless valve actuation 
Variable compression ratio 

Emerging transmission technology 
Automatic shiftlmanual transmission (AST/AMT) 
Advanced CVTs 

Emerging vehicle technology 
42-V electrical systems 
Integrated startedgenerator (idle off-restart) 
Electric power steering 
Vehicle weight reduction (5%) 

1-5 35 140 x x x x x x  
1 
2-5 
2-3 
1-2 
3-6 
1-2 
5-7 

2-3 
4-8 
1-3 
1-2 

1-2 
1-1.5 

-3 to 4 

3-6 
5-10 
2-6 

3-5 
0-2 

1-2 
4-7 
1.5-2.5 
3-4 

8 I 1  
105 140 
35 140 
70 210 

112 252 
84 112 

350 560 

70 I54 
140 350 

0 70 
140 280 

0 140 
14 56 

0 

210 
280 
210 

70 
350 

70 
210 
105 
210 

0 

420 
560 
490 

280 
840 

280 
350 
150 
350 

x x x x x x  
x x x x x x  

x x x x x  
x x  x x  

x x  X 

x x x x x x  
X x x  

x x x  x x  
X 

X x x  
X x x  

x x  x x  
x x x x x x  

x x x x x x  

X X 
X X 

X X 

X X 

X 

x x  x x  
x x  x x  

x x  x x  

NOTE: An x means the technology is applicable to the particular vehicle. Safety weight added (EPA baseline + 3.5%) to initial average mileage/consumption 
values. 

mental results. Table 3-4 summarizes the results for the end 
point of each path. Further details of the methodology can be 
found in Appendix F. 

No weight reduction was considered except in Path 3 for 
large passenger cars (Table 3- 1) and medium and large S U V s  
(Table 3-2), where a 5 percent weight reduction is assumed 
as part of the 9- or 10-year forward projections. 

The following example will assist the reader in under- 
standing the relationship between Tables 3- 1 through 3-3 
and the results of the analysis, as summarized in Table 3-4. 
The average fuel consumption of midsize S W s  (based on 
1999 sales-weighted averages) is 4.76 ga1/100 miles, or 21.0 
mpg. The assumed weight increase associated with future 
safety-enhancing features will result in a 3.5 percent increase 
in fuel consumption, to 4.93 ga1/100 mile, or 20.3 mpg. 
This example is shown in the “Midsize S W  column of 

Table 3-2 and the “Base FC w/Safety Weight” column of 
Table 3-4. 

Within the Path 1 assumption for midsize S W s ,  the tech- 
nologies applied for incremental reductions in fuel consump- 
tion included engine friction reduction (1 to 5 percent); low- 
friction lubricants (1 percent); four-valve overhead cam 
(OHC) from two-valve overhead valve (OHV) or two-valve 
OHC (2 to 5 percent); variable intake valve timing (1 to 2 
percent); cylinder deactivation (3 to 6 percent); engine ac- 
cessory improvement (1 to 2 percent); five-speed automatic 
transmission (2 percent over four-speed automatic); aggres- 
sive shift logic (1 to 3 percent); and improved rolling resis- 
tance (1 to 1.5 percent). Multiplying the averages of these 
reductions yields a Path 1 estimated fuel consumption for 
midsize S U V s  of 4.0 ga1/100 miles, or 25.3 mpg. The incre- 
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TABLE 3-4 Estimated Fuel Consumption (FC), Fuel Economy (FE), and Incremental Costs of Product Development 

Base FC Average Average Fuel Average 
wtSafety Fuel Consumption Cumulative 

Weight Class BaseFE BaseFC Weight Economy (mpd (gavloo mi) cost ($1 

Path 1 
Subcompact 
Compact 
Midsize 
Large 
Small S W  
Mid S W  
Large S W  
Minivan 
Pickup-small 
Pickup-large 

Subcompact 
Compact 
Midsize 
Large 
Small S W  
Mid S W  
Large S W  
Minivan 
Pickup-small 
Pickup-large 

Subcompact 
Compact 
Midsize 
Large 
Small SUV 
Mid S W  
Large S W  
Minivan 
Pickup-.small 
Pickup-large 

Path 2 

Path 3 

31.3 
30.1 
27.1 
24.8 
24.1 
21.0 
17.2 
23.0 
23.2 
18.5 

31.3 
30.1 
27.1 
24.8 
24.1 
21 .o 
17.2 
23.0 
23.2 
18.5 

31.3 
30.1 
27. I 
24.8 
24.1 
21.0 
17.2 
23.0 
23.2 
18.5 

3.19 
3.32 
3.69 
4.03 
4.15 
4.76 
5.81 
4.35 
4.31 
5.41 

3.19 
3.32 
3.69 
4.03 
4.15 
4.76 
5.81 
4.35 
4.31 
5.41 

3.19 
3.32 
3.69 
4.03 
4.15 
4.76 
5.81 
4.35 
4.31 
5.41 

3.31 
3.44 
3.82 
4.17 
4.29 
4.93 
6.02 
4.50 
4.46 
5.59 

3.31 
3.44 
3.82 
4.17 
4.29 
4.93 
6.02 
4.50 
4.46 
5.59 

3.3 I 
3.44 
3.82 
4.17 
4.29 
4.93 
6.02 
4.50 
4.46 
5.59 

34.7 
33.4 
30.0 
21.9 
26.7 
25.3 
20.7 
26.5 
27.2 
21.2 

37.5 
36.6 
36.0 
34.5 
31.4 
30.8 
24.7 
34.0 
34.0 
28.2 

43.9 
42.9 
41.3 
39.2 
36.5 
34.2 
28.4 
36.6 
36.6 
29.5 

2.88 
2.99 
3.33 
3.58 
3.74 
3.96 
4.84 
3.78 
3.68 
4.71 

2.67 
2.73 
2.78 
2.90 
3.18 
3.25 
4.05 
2.94 
2.94 
3.55 

2.28 
2.33 
2.42 
2.55 
2.74 
2.92 
3.52 
2.73 
2.73 
3.39 

465 
465 
465 
675 
465 
769 
769 
587 
682 
587 

1,018 
1,088 
1,642 
2,167 
1,543 
2,227 
2,087 
2,221 
2,227 
2.542 

2,055 
2,125 
3,175 
3,455 
2,580 
3,578 
3,235 
2,955 
3,298 
2,955 

mental costs are estimated to average $769. Table 3-4 shows 
the end points of all 3 paths for all 10 vehicle classes. 

For the application of other incremental technologies in Path 
2 and Path 3, only incremental benefits relative to prior technol- 
ogy applications-such as “variable valve lift and timing” added 
to “variable valve timing” alone-were assumed, in an attempt 
to eliminate double counting. Likewise, the incremental cost 
was added on top of the previous cost increment. Although not 
shown in the figures, the uncertainty increases with each step 
along the path. The level of uncertainty is quite high in Path 3. 

For minivans, SWs,  and other light trucks, the potential 
for reductions in fuel requirements is much greater than for 
smaller passenger cars. 

A review of the data shows that the technologies evalu- 
ated as emerging under Path 3 for the larger vehicles include 
camless valve actuation systems combined with a variable 

compression ratio and-possibly-clutched supercharging. 
A competing technology that could exceed the fuel consump- 
tion gains for such vehicles is turbocharged, intercooled, di- 
rect-injection diesel engines. This advantage is demonstrated 
by the growing popularity of such powertrains, which power 
almost all vehicles over 5,000 Ib in Europe and 30 to 40 
percent of all private passenger vehicles, even compact and 
subcompact classes. 

However, the ability of these powertrains to meet federal 
for Tier 2 and California SULEV emissions standards is un- 
proven, mainly because of shortcomings in exhaust gas 
aftertreatment. Therefore, the most efficient stoichiometric 
gasoline strategies (excluding hybrid vehicles, discussed be- 
low) were chosen to represent emerging technologies with 
proven thermodynamic advantages, which can employ rela- 
tively conventional three-way-catalyst aftertreatment systems. 
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FIGURE 3-4 Subcompact cars. Incremental cost as a function of fuel consumption. 
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FTGURE 3-5 Compact cars. Incremental cost as a function of fuel consumption. 
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FIGURE 3-6 Midsize cars. Incremental cost as a function of fuel consumption. 
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FIGURE 3-7 Large cars. Incremental cost as a function of fuel consumption. 
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FIGURE 3-8 Small S W s .  Incremental cost as a function of fuel consumption. 
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FIGURE 3-9 Midsize SUVs. Incremental cost as a function of fuel consumption. 
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FIGURE 3-10 Large SUVs. Incremental cost as a function of fuel consumption. 
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FIGURE 3-1 1 Minivans. Incremental cost as a function of fuel consumption. 
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FIGURE 3-12 Small pickups. Incremental cost as a function of fuel consumption 
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FIGURE 3-13 Large pickups. Incremental cost as a function of fuel consumption. 
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HYBRID VEHICLES 

The concept of hybrid electric vehicles (HEVs) is not 
new, but the technology for application in vehicles advanced 
significantly in the last decade. Hybrid vehicles combine the 
power output of an internal combustion engine with a bat- 
tery or other energy source to gain energy efficiency, reduce 
exhaust emissions, or, in some cases, improve acceleration. 
HEVs have received significant attention in the Partnership 
for a New Generation of Vehicles (PNGV). Ford, GM, and 
DaimlerChrysler have announced plans to introduce PNGV- 
developed hybrid technologies into production beginning in 
MY 2003. Toyota and Honda have already begun offering 
M Y  2001 HEVs in limited production in the United States. 
Readers who desire further information on HEVs may con- 
sult a variety of sources, including Automotive News (2001) 
and An (2001), as well as a National Research Council re- 
port on the PNGV program (NRC, 2000a). Figure 3-14 
shows the power relationship between an internal combus- 
tion engine and an electric motor for hybrid vehicles. 

In the future, HEVs may be viable in situations involving 
increasingly stringent emissions regulations or demands to 
reduce oil dependence. For automotive use, however, two 
important parameters directly influence the practicality of 
the energy storage system: (1) the energy storage density 
(compared with liquid petroleum-derived fuel) and (2) the 
ability to rapidly receive or release stored energy. 

Various energy storage techniques have been evalu- 
ated for light-duty vehicle applications, including batter- 

80 ""1 \ 

ies, capacitors, flywheels, and hydraulic/pneumatic systems. 
Despite restrictions in their energy transfer rate, batteries 
remain of high interest due to their relatively high power 
density. 

A survey of key vehicle and powertrain characteristics is 
summarized in Table 3-5. Breakdowns of the relative contri- 
butions of powertrain modifications, including downsizing 
and dieselization, are shown in Figure 3-15. The data clearly 
show that vehicle and powertrain features can, on their own 
(that is, apart from true hybridization), result in significant 
fuel economy gains. 

Ford has announced plans to introduce a hybrid version 
of its Escape SUV in MY 2003. It will reportedly have a 
four-cylinder engine and achieve about 40 mpg in the EPA 
combined (55/45) cycle. Its electric motor will reportedly 
produce acceleration performance similar to that of a larger 
six-cylinder engine (if the battery is sufficiently charged). 

GM's hybrid powertrain, called ParadiGM, is reportedly 
being considered for application in several vehicles. It ap- 
parently combines a 3.6-liter V6 engine with a pair of elec- 
tric motors. The engine shuts off at idle and low speed, and 
the vehicle can reportedly accelerate from a stop using only 
electric power. 

DaimlerChrysler is apparentIy planning to offer a hybrid 
Dodge Durango S U V  in 2003. It will reportedly combine a 
3.9-liter V6 engine driving the rear wheels with an electric 
motor driving the front wheels. Its performance is reported 
to equal that of the current V8, four-wheel-drive version 
(again with sufficient battery charge) at a somewhat higher 

\ \ DC S-Klasse H y b r i d e  
DC C-Klasse Hybnd \ \ 0 &ord Escape Hybrid ('03) 

6o 50 ]\ \ \ \ I  Volvo Power Split Hybrid 

4 0 1  Audi Duo 
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10 ** i 
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Mits ishi SUW Advance Honda Insight ('99) 

\ \ 
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0 4  I I 'i. I I I 
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Power of internal Combustion Engine (kW) 

FIGURE 3-14 Relationship between the power of an internal combustion engine and the power of an electric motor in a hybrid electric 
vehicle. 
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TABLE 3-5 Published Data for Some Hybrid Vehicles 
~~~~~ ~ ~ 

Power Engine Engine Motor Trans- 
Weight Plant Size Power Battery Peak mission CAFE 0-60 Data 

HEV Vehicle Type Status (Ib) Type (L) VIP) Type RW) Type (mpg)" (set) source 

Toyota Priusb Gasoline 

Honda Insight Gasoline 

Ford Prodigy Gasoline 

DC ESX3 Gasoline 

GM Precept Gasoline 

hybrid Corn. 2,765 SII-4 1.5 70 NiMH 33 CVT 58 12.1 = 

hybrid Com. 1,856 SII-3 1 .o 67 NiMH 10 M5 76 10.6 d , e  

hybrid Prot. 2,387 CIDI 1-4 1.2 74 NiMH 16 AS 70 12.0 d-f 

hybrid Prot. 2,250 CIDI 1-3 1.5 74 Li-ion 15 EMAT-6 72 11.0 g 

hybrid Prot. 2.590 CIDII-3 1.3 59 NiMH 35 A4 80 11.5 d . h  

NOTE: SI, spark ignition; 0 1 ,  compression ignition, direct injection; CVT, continuously variable transmission; M, manual; A, automatic; EMAT, electro- 
mechanical automatic transmission. SOURCE: An (2001). 

b U.S. version. 
E E V  News, 2000, June, p. 8. 
dNRC (2M)Oa). 
eAutomorive Engineering, 1999, October, p. 55. 
f The startedgenerator rated 3 kW continuous, 8 kW for 3 minutes, and 35 kW for 3 seconds. We assume 16 kW for a 12-s 060 acceleration. 

CAFE fuel economy represents combined 45/55 highwaykity fuel economy and is based on an unadjusted figure. 

Automotive Engineering, 2000. May, p. 32. 
Precept press release; the front motor is 25 kW and the rear motor is 10 kW, so the total motor peak is 35 kW. 
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FIGURE 3-15 Breakdown of fuel economy improvements by technology combination. SOURCE: An (2001). 
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cost, but it will achieve fuel economy similar to its V6, two- 
wheel-drive equivalent. 

Advanced HEVs cost much more than more conventional 
vehicles. In addition, overall system efficiencies must con- 
tinue to improve, especially energy conversion, power trans- 
fer, electrochemical battery storage, and power output from 
the motors. These developments will allow greater overall 
fuel efficiency and system trade-offs that would result in 
reduced battery and motor sizes, extended electric-only pro- 
pulsion range, improved power density, and reduced vehicle 
weight. 

During the early introduction of these technologies, sev- 
eral obstacles must be addressed. First, warranty periods 
must be defined and, hopefully, extended with time. Second, 
the rate at which battery power systems can accept energy 
generated during a hard regenerative braking event must 
be improved. Finally, the potential safety consequences 
of a depleted battery (loss of acceleration power) must be 
clarified. 

FUEL CELLS 
The emerging technology of fuel cells is also receiving 

increasing attention and R&D funding on the basis of its 
potential use in passenger vehicles. A few concept vehicles 
are now in operation, and a few commercial vehicles may 
appear in niche markets in the next few years. Figure 3-16 
schematically represents their principle of operation, using 

hydrogen as a fuel. Hydrogen enters the fuel cell through the 
porous anode. A platinum catalyst, applied to the anode, 
strips the electrons from the hydrogen, producing a positive 
hydrogen ion (a proton). The electrons pass through the load 
to the cathode as an electric current. The protons traverse the 
eIectrolyte and proceed to the porous cathode. Ultimately, 
through the application of a catalyst, the protons join with 
oxygen (from air) and the electrons from the power source to 
form water. 

Different types of fuel cells employ different materials. 
According to Ashley (2001), “the proton exchange mem- 
brane (PEM) variety has emerged as the clear favorite for 
automotive use.” Another type, the solid oxide fuel cell 
(SOFC), considered by AshIey and others as a less likely 
alternative, is represented by the alkaline air cell. The big- 
gest difference between the SOFC and PEM technologies is 
their operating temperatures. While PEM cells run at 8OoC, 
SOFC units run at 700” to 1000°C. 

If hydrogen is used as the fuel, no atmospheric pollutants 
are produced during this portion of the energy cycle of fuel 
cells, since water is the only by-product. No hydrocarbons, 
carbon monoxide, NO,, or particulates are produced. It is 
important to note that hydrogen could also be used as the 
fuel for an internal combustion engine. Louis (2001) quotes 
BMW as stating that a “spark ignition engine running on 
hydrogen is only slightly less efficient than a direct hydro- 
gen fuel cell.” The internal combustion engine will produce 
a certain level of NO, during combustion. However, due to 

Hydrogen 
in 

Porous Electrodes Vapor Out 

FIGURE 3-16 Working principles of a PEM fuel cell. 
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the very lean flammability limit of hydrogen, the NO, con- 
centration will be much lower than when using normal hy- 
drocarbon fuels. 

Energy is consumed, however, and exhaust emissions 
are likely to be generated in producing, transporting, and 
storing the hydrogen. The energy efficiency of a fuel cell 
cycle, “from well to wheels,” includes energy losses and 
emissions from a11 of the steps of production, refining, and 
distribution of the fuel (see Attachment 4A). Since hydro- 
gen is not naturally available, as are conventional fuels, it 
must be extracted from other hydrogen-containing com- 
pounds such as hydrocarbons or water. Unless the extrac- 
tion is performed onboard, the hydrogen must be trans- 
ported from the extraction point to the user. Hydrogen 
distribution systems are beyond the scope of this report, 
but this section evaluates two fuel cell systems that use a 
fuel reformer to generate hydrogen onboard the vehicle 
from either methanol (which can be produced from natural 
gas or biomass) or gasoline. 

Onboard reformers have several common difficulties that 
must be overcome for commercial acceptance. They typi- 
cally operate significantly above room temperature, with 
energy conversion efficiencies of 75 to 80 percent. The hy- 
drogen is removed from the fuel by either catalysis or com- 
bustion. In addition, optimal operation occurs at process 
pressures above atmospheric. Furthermore, the response time 
and transient power requirements for vehicle application 
necessitate some form of onboard storage of hydrogen. For 
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commercial success in passenger vehicles, the volume and 
weight parameters of the fuel reformer, fuel cell, and electric 
drive must be relatively competitive with current power 
trains and fuel tanks. 

Using methanol as the liquid fuel offers the advantage of 
sulfur-free conversion (normal gasoline contains sulfur, 
which poisons fuel-cell stacks). Methanol has its own prob- 
lems, however. It is toxic if ingested, highly corrosive, 
soluble in water (thereby posing a potential threat to under- 
ground water supplies), and currently relatively expensive 
to produce, compared with gasoline. However, proponents 
of methanol cite the toxicity of existing hydrocarbon fuels 
(gasoline or diesel fuel) and point out the low evaporative 
emissions, the absence of sulfur, and the potential for pro- 
duction from renewable sources. 

All major automotive manufacturers are actively pursu- 
ing fuel cell systems using an onboard reformer. The com- 
mittee believes, however, that advanced internal combustion 
engine-powered vehicles, including HEVs, will be over- 
whelmingly dominant in the vehicle market for the next 10 
to 15 years, This conclusion is supported by the recently 
released study by Weiss et al. (2000). 

Figure 3-17 shows the state of the art in fuel cell systems 
and the targets set by the Department of Energy for longer- 
term development. The figure shows that significant devel- 
opment advances are necessary to allow the fuel cell to be- 
come competitive with the internal combustion engine as a 
source of power. It is also important to note that the internal 
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FIGURE 3-17 State of the art and future targets for fuel cell development. 
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FIGURE 3-18 Typical fuel cell efficiency. 

combustion engine will continue to advance as the fuel cell 
is being developed. 

An additional issue that must be addressed is the reduced 
efficiency at higher loads, as shown in Figure 3-18. Substan- 
tial development will be required to overcome this character- 
istic and other challenges associated with power density, spe- 
cific power, production cost, and system response time, before 
fuel cells can be successfully commercialized in an HEV. 
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Attachment 3A 

A Technical Evaluation of Two Weight- and Engineering-Based 
Fuel-Efficiency Parameters for Cars and Light Trucks 

Measuring the fuel economy of vehicles in miles per gal- 
lon (mpg) alone does not provide sufficient information to 
evaluate a vehicle’s efficiency in performing its intended 
function. A better way to measure the energy efficiency of 
vehicles is needed, one that has a sound engineering basis. 
This attachment presents two weight-based parameters as 
examples of approaches that take the intended use of a ve- 
hicle into consideration. One is based on a vehicle’s curb 
weight and the other includes its payload (passenger plus 
cargo). Because of the short time frame for the committee’s 
study, an analysis sufficiently detailed to draw conclusions 
as to the value of these or other parameters was not possible. 

MILES PER GALLON VERSUS GALLONS PER MILE AND How TO 
MEASURE 

The physics of vehicle design can form the basis for pa- 
rameters that more accurately represent system energy effi- 
ciencies and could be used by EPA in fuel economy testing. 
Mpg is not by itself a sufficient parameter to measure effi- 
ciency, since it is inherently higher for smaller vehicles and 
lower for larger vehicles, which can carry more passengers 
and a greater cargo load. 

Although CAFE standards currently characterize vehicles 
by miles driven per gallon of fuel consumed, the inverse, 
gallons per mile, would be more advantageous for several 
reasons. As shown in Figure 3A-1, gallons per mile mea- 
sures fuel consumption and thus relates directly to the goal 
of decreasing the gallons consumed. Note that the curve is 
relatively flat beyond 30 or 35 mpg because fuel savings 
become increasingly smaller as mpg increases. Also, the use 
of fuel consumption (gallons per mile) has analytical advan- 
tages, addressed in this attachment. To aid and clarify the 
analysis and make the numbers easier to comprehend, the 
term to be used is gallons per 100 miles (gaV100 miles). A 
vehicle getting 25 mpg uses 4 ga1/100 miles. 

For reproducibility reasons, fuel consumption measure- 
ments are made on a chassis dynamometer. The driving 

wheels are placed on the dynamometer rollers; other wheels 
do not rotate. Thus rolling resistance, as with aerodynamic 
drag, must be accounted for mathematically. Vehicle coast- 
down times are experimentally determined (a measure of 
aerodynamic drag); an auxiliary power unit (MU) ensures 
that dynamometer coast-down times are in reasonable agree- 
ment with road-tested coast-down times. Test reproducibil- 
ity is in the few percent range. The driver follows two differ- 
ent specified cycles, city and highway, which were deduced 
from traffic measurements made some 30 to 40 years ago. A 
change in the test cycle is not a minor item-much engineer- 
ing know-how is based on the present cycle, which is also 
used for exhaust emissions measurements. 

WEIGHT-SPECIFIC FUEL CONSUMPTION 
Figure 5A-4 (in Chapter 5 )  plots gall100 miles versus 

vehicle weight for M Y  2000 vehicles. The vertical scatter 
along a line of constant weight reflects the fact that vehicles 
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FIGURE 3A-1 Dependence of fuel consumption on fuel economy. 
SOURCE: NRC (2000). 
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of the same weight may differ in the efficiency of their drive 
trains or rolling resistance or aerodynamic drag (and thus in 
the number of gallons used to travel a given distance). While 
ga1/100 miles is a straightforward parameter for measuring 
fuel consumption, it does not reflect the load-carrying ca- 
pacity of the vehicle. Smaller cars, with lower fuel consump- 
tion, are designed to carry smaller loads, and larger cars and 
trucks, larger ones, 

For engineering analysis purposes, it is convenient to nor- 
malize the data in Figure 5A-4, that is, divide the y value 
(vertical scale) of each data point by its curb weight in tons. 
The resulting new vertical scale is the weight-specific fuel 
consumption (WSFC). The units shown in Figure 3A-2 (and 
Figure 5A-5) are gaVton of vehicle weighdl00 miles. The 
straight horizontal line is a reasonable representation of the 
average efficiency of fuel use data for a wide variety of ve- 
hicle types and weights. It shows that the efficiency (WSFC) 
is approximately the same for this variety of different ve- 
hicle types (My 2000, 33 trucks and 44 cars) and weights. 
Note that some vertical scatter is to be expected; all vehicles 
having approximately the same weight do not necessarily 
have the same drive-train efficiency. 

Figure 3A-3 shows on-the-road data taken by Consumer 
Reports (April 2001). Their measurements were based on a 
realistic mixture of expressway, country-road, and city driv- 
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FIGURE 3A-3 Fleet fuel economy. Based on information from 
Consumer Reports (April 2001). 

ing. Again, the efficiency of fuel use for their on-the-road 
tests is reasonably represented by a horizontal straight h e .  
Figure 3A-3 illustrates the analytical utility of this approach. 
The lowest car point, at a little less than 3,000 lb, is a diesel 
engine; its WSFC is around 1.8 compared with around 2.7 
for the average. The two hybrid points also show lower 
WSFC than the average but higher than the diesel. 

Figure 3A-4 illustrates possible realistic reductions in 
WSFC. EPA has fuel-consumption data for more than a thou- 
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FIGURE 3A-2 Weight-specific fuel consumption versus weight for all vehicles. 
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FIGURE 3A-4 Best-in-class fuel-efficiency analysis of 2000 and 
2001 vehicles. 

sand MY 2000 and 2001 vehicles. A horizontal line was 
drawn on a WSFC (highway) graph for these vehicles such 
that 125 vehicles were below this arbitrary line. The results 
for the 125 vehicles are shown in Figure 3A-4. The average 
WSFC value for all vehicles was 1.7; the average for the 125 
vehicles was around 1.4. Since these were production ve- 
hicles, it would appear that application of in-production tech- 
nologies to the entire fleet could produce significant reduc- 
tions in WSFC. 

LOAD-SPECIFIC FUEL CONSUMPTION 
For a heavy-duty truck designed to carry a large payload, 

the most meaningful parameter would be normalized by di- 
viding the gallons per mile by the tons of payload, to arrive 
at a load-specific fuel consumption (LSFC), that is, gallons 
per ton of payload per 100 miles. This number would be 
lowest for vehicles with the most efficient powertrain sys- 
tem and the least road load requirements (lightest weight, 
low accessory loads, low rolling resistance, and low drag) 
while moving the largest payload. Similarly, a reasonable 
parameter for a fuel-efficient bus would be gallons per pas- 
senger-mile. 

The parameter LSFC is more difficult to define for light- 
duty vehicles than for heavy-duty trucks or buses, because 
the payloads are widely different (and harder to define) for 
these vehicles. This report calculates a total weight capacity 
by multiplying passenger capacity (determined by the num- 
ber of seat belts) by an average weight per person (150 lb) 
and adding cargo weight capacity, which is the cargo vol- 
ume multiplied by an average density (say, 15 1b/ft3).* For 

'This is an estimated density for cargo space. GM uses about 1 I Ib/ft3 
across a range of vehicles. Further study needs to be done to determine a 
representative design density to use. 

pickup trucks, the difference between gross vehicle weight 
(GVW) and curb weight was used to determine payload. The 
weight of the passengers and cargo could be added to the 
vehicle's weight, and the sum used in the EPA fuel economy 
test to determine engine loading for the test cycle. Alterna- 
tively, the present fuel economy data could be used with the 
above average passenger plus cargo weight. The fuel con- 
sumption on the city and highway cycle would be measured 
and expressed as gallons/ton (passenger plus cargo weight)/ 
100 miles. 

Figure 3A-5 plots fuel economy against payload in tons 
for heavy-duty and light-duty vehicles. Lines of constant 
mpg-tons are also shown, with larger numbers representing 
more efficient transport of payloads. LSFC, the inverse of 
mpg-tons, is also shown on the lines, with lower numbers 
representing lower normalized vehicle fuel consumption. 
The point representing the PNGV goal is also shown. 

Fuel economy measures based on this parameter would 
drive engineers to maximize the efficiency with which ve- 
hicles carry passengers and cargo while minimizing struc- 
tural weight. This new fuel consumption parameter has the 
potential to be a better parameter to compare different types 
and sizes of vehicles. 

Figure 3A-6 graphs the same light-duty vehicles' fuel 
consumption (in gay100 miles) as a function of the payloads 
in Figure 3A-8. This figure shows the large difference in fuel 
consumption between cars (2.5 to 4 ga1/100 mi) and trucks 
(3.5 to 5.5 ga1/100 mi); the CAFE standards for both types of 
vehicles are included for reference. Figure 3A-7 shows LSFC 
(in gallons per ton of passengers plus cargo) for the same 
vehicles. LSFC appears to normalize fuel consumption, 
bridging all types of vehicles. Both types of vehicle-re- 
gardless of size and weight-are represented above and be- 
low the average line. This finding suggests that LSFC is a 
good engineering parameter for both cars and trucks. 

COMPARING THE Two WEIGHT-BASED PARAMETERS 
The WSFC essentially normalizes the fuel consumed per 

100 miles to take out the strong dependence on vehicle 
weight, Different weight vehicles can be compared more 
equitabIy. Lower WSFC parameters indicate lower road load 
requirements and/or higher powertrain efficiencies with 
lower accessory loads. 

Figure 3A-9 shows fuel economy versus vehicle curb 
weight for the 87 light-duty vehicles. Constant efficiency 
lines (in mpg x tons of vehicle weight) are shown along 
with WFSC. Figure 3A-10 shows fuel economy versus ve- 
hicle payload for the 87 vehicles. The constant efficiency 
lines in mpg x tons of payload are shown along with LSFC. 
The utility of this plot is that it shows the interrelationship 
of fuel economy, payload, and LSFC in gallons/payload 
tons/100 miles. LSFC and WSFC show similar utility in 
determining whether certain types of vehicles are either 
above or below the average lines in Figures 3A-2 and 
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FIGURE 3A-5 LSFC versus payload for a variety of vehicles. 
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FIGURE 3A-9 Fuel economy as a function of average WSFC for different classes of vehicles. 

3A-8. Using LSFC, however, would encourage manufac- 
turers to consider all aspects of vehicle design, including 
materials, accessory power consumption, body design, and 
engine and transmission efficiency. The use of the LSFC 
number will show high-performance, heavy, two-seat 
sports cars without much cargo space and large luxury cars 
to be on the high side compared with vehicles designed to 
be fuel- and payload-efficient. 

WSFC does not account for the load-canying capacity of 

certain vehicles such as pickups, vans, and S W s .  The vans 
and large S W s  in Figure 3A-8 are shown below the average 
fit line and below the average WSFC line in Figure 3A-2, 
indicating they have highly efficient powertrain technologies 
and low road loadaccessory load requirements. Pickups (PUS) 
are above the average WSFC line in Figure 3A-2, showing 
that it is difficult to design a truck that has low aerodynamic 
drag and is fuel efficient. When the fuel consumptions of these 
vehicles (vans, pickups, and S U V s )  are normalized to pay- 
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FIGURE 3A-10 Fuel economy versus average payload for different classes of vehicles. 

load, they are below the average LSFC line in Figure 3A-8, 
indicating they are well designed for their intended use. 

REFERENCE 
NRC (National Research Council). 2000. Automotive Fuel Economy: How 

Far Should We Go? Washington, D.C.: National Academy Press. p. 156. 

CONCLUSION 
Both the WSFC and LSFC parameters have potential util- 

ity as fuel-efficiency parameters for vehicles, but their appli- 
cability requires additional study. 



Impact of a More Fuel-Efficient Fleet 
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If the technologies described in Chapter 3 are imple- 
mented, making vehicles more fuel efficient, there will be a 
variety of impacts. This chapter explores the potential im- 
pacts on energy demand and greenhouse gas emissions, cost- 
efficient levels of fuel economy, industry and employment, 
and safety. 
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ENERGY DEMAND AND GREENHOUSE GAS IMPACT 
The fuel economy of light-duty cars and trucks and ve- 

hicle miles traveled (VMT) are the two most important fac- 
tors underlying the use of energy and release of greenhouse 
gases in the light-duty fleet. Energy consumption during the 
manufacture of various components of the vehicles and their 
fuels is a lesser, but still significant, consideration in the life- 
cycle analyses of energy use and greenhouse gas emissions. 
Numerous projections were examined by the committee on 
possible future energy use and greenhouse gas emissions- 
for example, DeCicco and Gordon (1993), Austin et al. 
(1 999), Charles River Associates (1995), EIA (2001). 
Patterson (1999), Greene and DeCicco (2000). To choose 
the best technology for overall energy efficiency, one must 
consider a “well-to-wheels” (WTW) analysis such as those 
that are described in Attachment 4A. The following discus- 
sion is designed to illustrate the impact of possible fuel 
economy changes and should not be interpreted in any way 
as a recommendation of the committee. 

The committee calculated the potential magnitude of fuel 
savings and greenhouse gas emission reductions if new passen- 
ger car and light-truck fuel economy (in mpg) is increased by 
15 percent, 25 percent, 35 percent, and 45 percent. These in- 
creases are assumed to be phased in gradually beginning in 2004 
and to reach their full value in 2013. New vehicle sales shares 
of passenger cars and light trucks were held constant. Green- 
house gas emissions are for the complete WTW cycle based on 
the GREET model and include carbon dioxide, methane, and 
nitrogen oxides (Wang, 1996; Wang and Huang, 1999). The 
fuel for all lightduty vehicles is assumed to be gasoline, 70 
percent conventional and 30 percent reformulated. 

Allowance is made for a rebound effect-that is, a small 
increase in miles driven as fuel economy increases. Because 
of the long time required to turn over the fleet, the calcula- 
tions were extended to the year 2030 to show the longer- 
range impacts of the increases in fuel economy. However, 
new vehicle mpg was held constant after 2013. 

The base case approximates the 2001 Annual Energy 
Outlook forecast of the Energy Information Administration 
(EIA) except that the vehicle miles traveled are assumed to 
increase to 1.7 percent per year, slightly less than the 1.9 
percent assumed by EIA. However, unlike the EIA forecast, 
fuel economy is assumed to remain constant. In the base 
case, annual gasoline use is projected to increase from 123 
billion gallons (8 mmbd) in 2001 to 195 billion gallons (12.7 
mmbd) by 2030 (Figure 4-1). 

The magnitude of gasoline savings that could be achieved 
relative to the base case for various fuel economy increases 
between now and 2030 is shown in Figure 4-2. As a result of 
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FIGURE 4-1 Fuel use in alternative 2013 fuel economy scenarios. 
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these hypothetical fuel economy increases, fuel savings in 
2015 range from 10 billion gallons for a 15 percent fuel 
economy increase to 25 billion gallons for a 45 percent in- 
crease. By 2030 the fuel savings would be 22 billion gallons 
and 55 billion gallons for fuel economy increases of 15 per- 
cent and 45 percent, respectively. Since greenhouse gas 
emissions are correlated closely with gasoline consumption 
(Figure 4-1), they show a similar pattern (Figure 4-3). 
Growth in greenhouse gas emissions still occurs through 
2030, but the growth is slower than it would have been with- 
out improved fuel economy (Figure 4-4). 

ANALYSIS OF COST-EFFICIENT FUEL ECONOMY 
The committee takes no position on what the appropriate 

level of fuel economy should be. The question, however, is 
often raised of how much investment in new technology to 
increase fuel economy would be economically efficient. That 
is, when does the incremental cost of new technology begin 
to exceed the marginal savings in fuel costs? Consumers 
might not choose to use this technology for fuel economy; 
they might choose instead to enhance other aspects of the 
vehicles. Such an estimate, however, provides an objective 
measure of how much fuel economy could be increased 
while still decreasing consumers’ transportation costs. The 
committee calls this the cost-efficient level of fuel economy 
improvement, because it minimizes the sum of vehicle and 
fuel costs while holding other vehicle attributes constant. 

The committee identified what it calls cost-efficient tech- 
nology packages: combinations of existing and emerging 
technologies that would result in fuel economy improve- 
ments sufficient to cover the purchase price increases they 
would require, holding constant the size, weight, and perfor- 
mance characteristics of the vehicle(s). 
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FIGURE 4-3 Fuel-cycle greenhouse gas emissions in alternative 
2013 fuel economy cases. 

The essence of analyzing cost-efficient fuel economy is 
determining at what fuel economy level the marginal costs 
of additional fuel-saving technologies equal the marginal 
benefits to the consumer in fuel savings. However, such 
analysis is conditional on a number of critical assumptions, 
about which there may be legitimate differences of opinion, 
including (1) the costs and fuel-efficiency effect of new tech- 
nology and (2) various economic factors. The committee 
states its assumptions carefully and has investigated the ef- 
fect of varying several key parameters. 

Perhaps the most critical premise of this cost-efficient 
analysis is that key vehicle characteristics that affect fuel 
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FIGURE 4-2 Fuel savings of alternative 2013 fuel economy irn- 
provement targets. 

FIGURE 4-4 Greenhouse gas emissions reductions from hypo- 
thetical alternative fuel economy improvement targets. 
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economy are held constant: (1) acceleration performance, 
( 2 )  size, in terms of functional capacity, (3) accessories and 
amenities, and (4) the mix of vehicle types, makes, and mod- 
els sold. These factors are held constant for analytical clarity 
and convenience. Once one begins altering vehicle charac- 
teristics, the trade-off between fuel economy and cost be- 
comes obscured in the myriad of other simultaneous changes 
of design and function that could be made. Since there is no 
obviously correct way to forecast future vehicle attributes 
and the sales mix, the committee holds them constant. In 
real-world markets, all of these factors will change over time 
and could have important implications for achieving a spe- 
cific fuel economy goal. 

Other key assumptions pertain to how consumers value 
fuel economy. The price for higher fuel economy technol- 
ogy is paid when a vehicle is purchased. Fuel savings accrue 
in the future, depending on how much a vehicle is driven and 
under what circumstances. Important uncertainties involve 
consumers’ expectations about future fuel prices, the rates 
of return they will expect on investments in higher fuel 
economy, and their perception of how used-vehicle markets 
will value fuel economy. Not only are the average values of 
these key parameters uncertain, but they will certainly vary 
from consumer to consumer and from one market segment 
to another. 

Incorporating all these uncertainties into the cost-efficient 
analysis would require a far more complex model and far 
more time to implement than the committee has available. 
Instead, the committee uses sensitivity analysis to illustrate 
the potential impacts of key assumptions on the outcomes of 
the cost-efficient analysis. 

Despite the many uncertainties, the cost-efficient analy- 
sis is valuable for illustrating the range of feasible fuel 
economy improvement and the general nature of the cost of 
achieving higher fuel economy. However, it is critically im- 
portant to keep in mind that the analysis is conditional on the 
assumptions of constant vehicle attributes and a number of 
key parameter values. Changing these assumptions would 
change the results, as the sensitivity analysis shows. 

The cost-efficient analysis uses estimates of the costs of 
technologies and their impacts on fuel consumption in Chap- 
ter 3 (see Tables 3-1 through 3-3). Only technologies known 
to be capable of meeting future emissions standards and hav- 
ing either positive or small negative effects on other vehicle 
attributes were used. The technologies were reordered by 
cost-effectiveness, so that the order of implementation re- 
flects increasing marginal cost per unit of fuel saved. Cost 
effectiveness is measured by the ratio of the midpoint fuel 
consumption reduction to the midpoint cost estimate. While 
this may not correspond to the actual order in which tech- 
nologies are implemented by auto manufacturers, it is none- 
theless the most appropriate assumption for analyzing the 
economic trade-off between vehicle price and fuel savings. 
The Path 3 technology scenario was used because all of the 
Path 3 technologies could be in full-scale production by 201 3 
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to 2015. The data in Tables 3-1 through 3-3 were used to 
construct fuel economy supply functions and confidence 
bounds on those functions. The supply functions are com- 
bined with functions describing consumers’ willingness to 
pay for higher fuel economy and are solved for the point at 
which the cost of increasing fuel economy by 1 mile per 
gallon equals its value to the consumer. 

Three curves were constructed for each vehicle class to 
reflect the range of uncertainty shown in the tables in Chap- 
ter 3. The high cost/low fuel economy and low costlhigh fuel 
economy curves provide a reasonable set of bounds for the 
average codaverage fuel economy curve. For the method 
used, see Greene (2001). 

Consumers’ willingness to pay is estimated using aver- 
age data on vehicle usage, expected payback times, gasoline 
at $1.50 per gallon, and assumed rates of return on the 
consumer’s investment in higher fuel economy. The key ar- 
eas of uncertainty are the rate of return consumers will de- 
mand and the length of time over which they will value 
future fuel savings. Because each additional mile per gal- 
lon saves less fuel than the one before, the marginal willing- 
ness to pay for fuel economy will decline as fuel economy 
increases. 

The cost-efficient point (at which the marginal value of 
fuel saved equals the marginal cost) is then found, assuming 
a fuel priced at $1.50 per gallon. This produces three fuel 
economy estimates for each vehicle class, reflecting the three 
curves. Finally, two cases are considered in which the key 
parameters of consumer discount rate and payback time are 
varied. 

The following calculations for cost-efficient fuel effi- 
ciency are based on the key assumptions summarized in 
Table 4- 1 for passenger cars and light-duty trucks. Two cases 

TABLE 4- 1 Key Assumptions of Cost-Efficient Analysis 
for New Car and Light Truck Fuel Economy Estimates 
Using Path 3 Technologies and Costs (see Chapter 3)  

Assumption Case 1 Case 2 

First-year travel for new vehicles (rni/yr) 
Rate of decrease in vehicle use (%/yr) 
Payback time (yr) 
Rate of return on investment (95) 
Base fuel economy (mpg) 

Subcompact cars 
Compact cars 
Midsize cars 
Large cars 
Small S U V s  
Midsize S U V s  
Large S W s  
Minivans 
Small pickups 
Large pickups 

On-road fuel economy (mpg) shortfall (%) 
Effect of safety and emissions standards (%) 

15,600 
4.5 

14 
12 

31.3 
30.1 
27.1 
24.8 
24. I 
21 .o 
17.2 
23.0 
23.2 
18.5 
15 
-3.5 

15.600 
4 .5  

3 
0 

31.3 
30.1 
27.1 
24.8 
24.1 
21.0 
17.2 
23.0 
23.2 
18.5 
15 
-3.5 
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are developed. In Case 1 it is assumed that vehicles are driven 
15,600 miles in the first year, decreasing thereafter at 4.5 
percenuyear, and that a gallon of gasoline costs $1.50 (1999 
dollars). Payback time is the vehicle lifetime of 14 years. 
Base fuel economy is shown for each class of vehicles. It is 
assumed that there will be a 15 percent reduction in on-the- 
road gasoline mileage from the EPA combined test data. It is 
also assumed that there will be a 3.5 percent fuel economy 
penalty as a result of weight gains associated with future 
safety and emissions requirements and that consumers re- 
quire a rate of return of 12 percent on the money spent on 
fuel economy. Because this last assumption is more subjec- 
tive than the others, Case 2 was developed using a payback 
of 3 years at zero percent discount rate. This case represents 
the perspective of car buyers who do not value fuel savings 
over a long time horizon. Case 1 might be the perspective of 
policy makers who believe that the nationaI interest is served 
by reducing fuel consumption no matter how many people 
own a vehicle over its lifetime. 

The results of the cost-efficient analysis for Case 1 are 
shown in Table 4-2. Using the assumptions shown in Table 
4- 1, the calculation indicates that the cost-efficient increase 
in (average) fuel economy for automobiles could be in- 
creased by 12 percent for subcompacts and up to 27 percent 
for large passenger cars. For light-duty trucks, an increase of 
25 to 42 percent (average) is calculated, with the larger in- 
creases for larger vehicles. 

For example, Table 4-2 shows that a new midsize S W  
typically (sales-weighted average) has a base fuel economy 
today of 21.0 mpg. The adjusted base (20.3 mpg) reflects the 
3.5 percent fuel economy penalty for weight increases to 
meet future safety and emission standards. In the column 
labeled “Average,” the cost-efficient fuel economy is 
28.0 mpg. The percent improvement over the unadjusted 
base of 21.0 is 34 percent (shown in parentheses). The cost 
to obtain this improved fuel economy is estimated at $1,254. 

However, there is wide uncertainty in the results. This is 
illustrated in the other two columns, which show an optimistic 
case (low costhigh fuel economy curve) and a pessimistic 
case (high costAow fuel economy curve). In the low costhigh 
fuel economy column, the cost-efficient fuel economy 
increases to 30.2 mpg, for an improvement of 44 percent at a 
cost of $1,248. In the high cost/low mpg column, the fuel 
economy is 25.8 mpg, for an improvement of 23 percent at a 
cost of $1,589. In some cases the high costhow mpg column 
will have a lower cost (and a significantly lower mpg) than the 
low costhigh mpg column because of the nature of the cost- 
efficient calculation and the relative slopes of the cost curves. 

There is some evidence suggesting that consumers do not 
take a 14-year view of fuel economy when buying a new car. 
For that reason, TabIe 4-3 shows the cost-efficient fuel 
economy levels for 3-year payback periods. For cars, aver- 
age cost-efficient levels are between 0.1 and 1.5 mpg higher 
than their respective adjusted base fuel economy levels, with 
the larger increases for the larger cars. The cost-efficient 

levels of the light-duty trucks are about 1.4 to 3.1 mpg higher 
than their respective adjusted base fuel economy levels, with 
the larger increases being associated with the larger trucks. 
The negative changes in fuel economy shown in Table 4-3 
are because the base is used for this calculation. All vehicles 
still improve relative to the adjusted base, even in the high 
cost/low mpg column. 

As shown in Table 4-2, for the 14-year payback (12 per- 
cent discount) case, the average cost-efficient fuel economy 
levels are between 3.8 and 6.6 mpg higher than their respec- 
tive (unadjusted) bases for passenger cars, with the larger 
increases associated with larger cars. For light-duty trucks, 
the cost-efficient levels are about 6 to 7 mpg higher than the 
base fuel economy levels, with the larger increases associ- 
ated with larger trucks. 

The cost-efficient fuel economy levels identified in Tables 
4-2 and 4-3 are not recommended fuel economy goals. Rather, 
they are reflections of technological possibilities and eco- 
nomic realities. Other analysts could make other assumptions 
about parameter values and consumer behavior. Given the 
choice, consumers might well spend the money required to 
purchase the cost-efficient technology packages on other 
vehicle amenities, such as greater acceleration, accessories, or 
towing capacity. 

The fuel economy and cost data used in this study are 
compared with the data used in other recent studies in Fig- 
ures 4-5 and 4-6 for cars and light trucks, respectively. The 
cost curves used in this study are labeled NRC 2001 Mid 
(average), NRC 2001 Upper (high cost/low mpg upper 
bound), and NRC 2001 Lower (low costhigh mpg lower 
bound). For comparison with two other studies, one by Si- 
erra Research (Austin et al., 1999) and one by Energy and 
Environmental Analysis @EA, 2001), the NRC curves were 
normalized to the sales-weighted average fuel economies of 
the new passenger car and light truck fleets. For passenger 
cars, the NRC average curve (NRC 2001 Mid) is similar to 
the Sierra curve (up to about 11 mpg increase) and slightly 
more optimistic than the EEA curve. 

The Massachusetts Institute of Technology (MIT) (Weiss 
et al., 2000) and American Council for an Energy-Efficient 
Economy (ACEEE) @eCicco et al., 2001) curves were ob- 
tained differently as they are based on complete, specific 
vehicles embodying new technology. The NRC, Sierra, and 
EEA analyses added technology incrementally. Neither the 
MIT nor the ACEEE studies present their results in the form 
of cost curves; the curves shown here are the committee’s 
inferences based on data presented in those reports. 

The MIT curve is calculated using the lowest cost and 
most fuel-efficient vehicles in the study, which uses advanced 
technology and a midsize sedan and projects to 2020. Simi- 
larly, the ACEEE-Advanced curves in Figures 4-5 and 4-6 
are based on individual vehicles and advanced technology 
options. Both studies are substantially more optimistic than 
this committee’s study, having used technologykost options 
more advanced than those considered by the committee. 
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TABLE 4-2 Case 1: Cost-Efficient Fuel Economy (FE) Analysis for 14-Year Payback (12% Discount Rate)a 
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Vehicle Class 

Cars 
Subcompact 
Compact 
Midsize 
Large 

Light trucks 
Small SUVs 
Mid SUVs 
Large S W s  
Minivans 
Small pickups 
Large pickups 

Low Cosmigh rnpg Average 

Base Base FE Cost Savings FE Cost Savings 
mpgb AdjustedC mpg, (a) ($) ($1 mpg. (a) 6)  ($1 

31.3 30.2 38.0(21) 588 1,018 35.1 (12) 502 694 
30.1 29.1 37.1 (23) 640 1,121 34.3(14) 561 788 
27.1 26.2 35.4 (31) 854 1,499 32.6(20) 791 1,140 
24.8 23.9 34.0 (37) 1,023 1,859 31.4 (27) 985 1,494 

24.1 23.3 32.5 (35) 993 1,833 30.0 (25) 959 1,460 
21.0 20.3 30.2 (44) 1,248 2,441 28.0 (34) 1,254 2,057 
17.2 16.6 25.7 (49) 1,578 3,198 24.5 (42) 1,629 2,910 
23.0 22.2 32.0 (39) 1,108 2,069 29.7 (29) 1.079 1,703 
23.2 22.4 32.3 (39) 1,091 2,063 29.9 (29) 1,067 1,688 
18.5 17.9 27.4 (48) 1.427 2,928 25.5 (38) 1,450 2,531 

High CostLow mpg 

31.7(1) 215 234 
31.0(3) 290 322 
29.5 (9) 554 651 
28.6(15) 813 1.023 

27.4(14) 781 974 
25.8 (23) 1,163 1,589 
23.2 (35) 1.643 2,589 
27.3 (19) 949 1,259 
27.4(18) 933 1.224 
23.7 (28) 1,409 2,078 

“Other key assumptions: See Table 4-1. 
bBase is before downward adjustment of -3.5 percent for future safety and emissions standards 
=Base after adjustment for future safety and emissions standards (-3.5 percent). 

TABLE 4-3 Case 2: Cost-Efficient Fuel Economy (E) Analysis for 3-Year Payback (Undiscounted)a 

Low Cost/High mpg Average High Costnow mpg 

Cost Savings FE Cost Savings Base Base FE Cost Savings FE 
Vehicle Class mpgb AdjustedC mpg, (W) ($1 ($) mpg, (%) ($) 6) mpg, (%) (9 6) 

Cars 
Subcompact 31.3 30.2 33.3 (6) 180 237 30.3 (-3) 11 11 30.2 (4) 0 0 
Compact 30.1 29.1 32.3 (7) 202 268 29.1 (-2) 29 29 29.1 (4) 0 0 
Midsize 27.1 26.2 29.8 (IO) 278 363 26.8 (-1) 72 76 26.2 (4) 0 0 
Large 24.8 23.9 28.2(14) 363 488 25.4(3) 173 190 23.9 (4) 0 0 

Small S W s  24.1 23.3 27.3(13) 358 492 24.7 (2) 174 193 23.3 (4) 0 0 
Mid S W s  21.0 20.3 25.0(19) 497 721 22.7 (8) 341 407 20.3 (-4) 0 0 

Minivans 23.0 22.2 26.5(15) 411 570 24.2 ( 5 )  247 284 22.2 (4) 0 0 
Small pickups 23.2 22.4 26.9(16) 412 579 24.4 ( 5 )  247 285 22.4 (4) 0 0 

Light trucks 

Large SUVs 17.2 16.6 21.1 (23) 660 992 19.7 (15) 567 740 18.3 (6) 373 424 

Large pickups 18.5 17.9 22.7 (23) 600 918 20.8(12) 477 608 18.7(1) 178 189 

“Other key assumptions: See Table 4-1. 
bBase is before downward adjustment of -3.5 percent for future safety and emissions standards. 
=Base after adjustment for future safety and emissions standards (-3.5 percent). 

In Figure 4-6, the committee’s curve (MIC)  is more opti- 
mistic than the Sierra curve and similar to the EEA curve. 

POTENTIAL IMPACTS ON THE DOMESTIC 
AUTOMOBILE INDUSTRY 

The ACEEE-Advanced curve, which is based on vehicles as 
discussed for cars above, is much more optimistic. It uses 
technology/cost options beyond those used for the com- 
mittee’s cost-efficient optimization. 

Regulations to increase the fuel economy of vehicles will 
require investments by automakers in R&D and tooling and 
will thus increase the costs of new vehicles. They will also 
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FIGURE 4-6 Light-truck fuel economy cost curves from selected 
studies. 

divert resources that would otherwise go toward satisfying 
consumers' demands for performance, styling, and other 
vehicle features. No regulation is without cost to consumers 
or manufacturers. The impacts of CAFE standards in the past 
are reviewed in Chapter 2. 

Looking Forward at the Automobile Market 

As noted in Chapter 2, GM, Ford, and the Chrysler divi- 
sion of DaimlerChrysler will post lower profits in 2001 ow- 
ing to the slower economy and the sharp rise in buyer incen- 
tives that the companies need to offer to maintain their 
market shares. Vehicle demand is expected to decline in 2001 
from 17.4 million in 2000, with the final number depending 
in large part on the level of rebates and other incentives. 

Foreign companies' share of the U.S. market has grown 
steadily and is now about 36 percent, compared with 26 per- 
cent in 1993. In 2000, GM, Ford, and Chrysler combined 
lost 3 percentage points in market share, and so far in 2001 
have lost another 1.4 percentage points (despite per-unit in- 
centives that are the highest in history and often triple the 
marketing support on competing foreign models). The gain 
in market share of foreign companies has accelerated in re- 
cent years as foreign manufacturers entered the light truck 
market with models that competed with traditional Ameri- 
can pickups, minivans, and S U V s .  They also created a new 
category, the crossover vehicle, which is built on a car chas- 
sis but looks like an S U V  and may be classed as a light truck 
for fuel economy regulation. (Examples include the Toyota 
RAV-4 and Honda CRV.) 

The erosion in profit margins and income at GM, Ford, 
and Chrysler began in 2000 as pricing pressures, once con- 
tined to passenger cars, spread into the light-truck sector and 
sales slowed. The supply of light trucks, until recently bal- 
anced against sharply rising demand, had allowed vehicle 
manufacturers to aggressively price these products. Although 
the Big Three still dominate the light-truck market with a 77 
percent share, that is down from 86 percent in 1993 as a 
result of new products and capacity from Asian and Euro- 
pean manufacturers. Additional North American truck ca- 
pacity from Honda in Alabama and Toyota in Indiana and 
expansion of capacity by BMW and Nissan will add at least 
750,000 units of new truck supply to the market over the 
next 3 years. Given the recent success of foreign manufac- 
turers with new models and advanced technology (see Chap- 
ter 3), their share of the truck segment is likely to rise further 
in the coming years. 

To cope with falling profits and lower cash balances, auto 
companies have cut back on discretionary spending, eliminated 
jobs through voluntary retirement plans, and now appear to be 
delaying product launch schedules. Standard & Poor's, the ar- 
biter of creditworthiness, recently lowered its outlook on GM 
and Ford from stable to negative (Butters, 2001). 

Even if vehicle demand rebounds in 2002 to the 17 mil- 
lion-unit level, industry profits are not expected to recover 
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soon to historic levels. Increased competition could reduce 
truck profits to half of their former levels. If the proliferation 
of foreign brand crossover models draws buyers away from 
larger, heavier, and more expensive domestic models, the 
financial impact on the industry will be greater. 

This is a difficult environment for GM, Ford, and the 
Chrysler division of DaimlerChrysler. In less than 3 years, 
Chrysler went from being the most profitable vehicle manu- 
facturer in the country to a merger with Daimler that was 
forced by financial distress. While GM and Ford are in rea- 
sonable financial health, they cannot count on truck profits 
to generate above-average returns as they did in the past. 

Nevertheless, the industry could adjust to possible 
changes in CAFE standards if they were undertaken over a 
long period of time, consistent with normal product life 
cycles. An abrupt increase in fuel economy standards (espe- 
cially one that hurt the industry’s ability to sell light trucks) 
would be more costly. A single standard that did not differ- 
entiate between cars and trucks would be particularly diffi- 
cuIt to accommodate. 

Criteria for Judging Regulatory Changes 

The impacts on industry of changing fuel economy stan- 
dards would depend on how they were applied. Some of the 
more important criteria are discussed here. 

riming and Scale of Increase 

Raising standards too steeply over too short a time would 
require manufacturers to absorb much of the cost of obtain- 
ing or developing technology and tooling up to produce more 
efficient vehicles. It would lead to sharp increases in costs to 
manufacturers (and thus consumers). The benefits of pre- 
cipitous increases in CAFE standards would flow instead to 
machine tool companies, component manufacturers, and de- 
velopers of vehicle technology. Automakers would be forced 
to divert funds and talent away from longer-term investments 
(such as the PNGV). Given sufficient planning time, how- 
ever, industry can adapt. Chapter 3 discusses the costs and 
timing involved in introducing fuel-saving technology. Gen- 
erally, little change can be expected over the next few years, 
and major changes would require a decade. 

Equivalence of Impact 

If new regulations favor one class of manufacturer over 
another, they will distribute the costs unevenly and could 
evoke unintended responses. In general, new regulations 
should distribute the burden equally among manufacturers 
unless there is a good reason not to. For example, raising the 
standard for light trucks to that of cars would be more costly 
for light-truck manufacturers. On the other hand, tightening 
the standards for passenger vehicles while leaving light 
trucks alone would favor another set of manufacturers. A 
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current proposal to simply increase the standard for light- 
duty trucks to the current level of the standard for passenger 
cars would operate in this inequitable manner. The rise of 
the crossover S W  will add to the challenge of finding a 
balanced approach. 

Flexibility 

In general, regulations that alIow manufacturers flexibil- 
ity in choosing how to achieve the desired policy goal (such 
as reducing fuel use or improving safety) are likely to lower 
the costs to the nation. That is because restricting the avail- 
able technology options will reduce chances for cost-saving 
innovations. To the extent possible, consistent with the over- 
all policy goals, flexibility is an important criterion. This is 
one reason for the committee’s enthusiasm for tradeable fuel 
economy credits, as described in this chapter. 

Hidden Costs of Forcing Technical Innovation 

In general, it is risky to commercialize technologies while 
they are still advancing rapidly. Pioneering purchasers of 
vehicles that incorporate highly efficient new technology 
could find that these vehicles depreciate faster than those 
with old technology if the new technology results in higher 
repair costs or is replaced by improved versions. For the 
same reason, leasors might be reluctant to write leases on 
vehicles that are radically different and therefore have un- 
predictable future demand. GM offered its own leases on the 
EV1 (an electric vehicle) but did not sell the vehicle because 
it recognized that the car might be unusable in a few years 
because of technological obsolescence or high maintenance 
costs. 

On the other hand, as explained in Chapter 3, foreign 
manufacturers are rapidly improving their technology, 
largely because their main markets are in countries with high 
fuel prices or high fuel economy standards. Not only are 
their vehicles economical (and frequently low in emissions), 
but they are proving popular because they offer other at- 
tributes valued by consumers, such as power and improved 
driving characteristics. Insofar as higher fuel economy stan- 
dards force domestic manufacturers to adopt new technol- 
ogy, it could improve their competitiveness. 

SAFETY IMPLICATIONS OF FUTURE INCREASES IN 
FUEL ECONOMY 

In Chapter 2 the committee noted that the fuel economy 
improvement that occurred during the 1970s and early 1980s 
involved considerable downweighting and downsizing of the 
vehicle fleet. Although many general indicators of motor 
vehicle travel safety improved during that period (e.g., the 
fatality rate per vehicle mile traveled), the preponderance of 
evidence indicates that this downsizing of the vehicle fleet 
resulted in a hidden safety cost, namely, travel safety would 
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have improved even more had vehicles not been downsized. 
Based on the most comprehensive and thorough analyses 
currently available, it was estimated in Chapter 2 that there 
would have been between 1,300 and 2,600 fewer crash 
deaths in 1993 had the average weight and size of the light- 
duty motor vehicle fleet in that year been like that of the 
mid-1970s. Similarly, it was estimated there would have 
been 13,000 to 26,000 fewer moderate to critical injuries. 
These are deaths and injuries that would have been prevented 
in larger, heavier vehicles, given the improvements in ve- 
hicle occupant protection and the travel environment that 
occurred during the intervening years. In other words, these 
deaths and injuries were one of the painful trade-offs that 
resulted from downweighting and downsizing and the re- 
sultant improved fuel economy. 

This section of Chapter 4 addresses the question of how 
safety might be affected by future improvements in fuel 
economy. The key issue is the extent to which such improve- 
ments would involve the kind of vehicle downweighting and 
downsizing that occurred in the 1970s and 1980s. In Chap- 
ter 3 the committee examined the methods by which the in- 
dustry can improve fuel economy in the future and identified 
many potential improvements in powertrains, aerodynam- 
ics, and vehicle accessories that could be used to increase 
fuel economy. Earlier in Chapter 4 the committee concluded 
that many of these technologies could pay for themselves in 
reduced fuel costs during the lifetimes of vehicles. Thus, it is 
technically feasible and potentially economical to improve 
fuel economy without reducing vehicle weight or size and, 
therefore, without significantly affecting the safety of motor 
vehicle travel. Two members of the committee believe that 
it may be possible to improve fuel economy without any 
implication for safety, even if downweighting is used. Their 
dissent forms Appendix A of this report. 

The actual strategies chosen by manufacturers to improve 
fuel economy will depend on a variety of factors. Even if the 
technology included in the cost-efficient fuel economy im- 
provement analyses is adopted, that technology might be 
used to provide customers with other vehicle attributes (per- 
formance, size, lowing capacity) that they may value as much 
as or more than fuel economy. While it is clear vehicle 
weight reduction is not necessary for-increasing fuel 
economy, it would be shortsighted to ignore the possibility 
that it might be part of the response to increases in CAFE 
standards. 

In fact, in meetings with members of this committee, au- 
tomotive manufacturers stated that significant increases in 
fuel economy requirements under the current CAFE system 
would be met, at least in part, by vehicle weight reduction. 
Because many automakers have already emphasized weight 
reduction with their current vehicle models, they also stated 
that substantial reductions in weight probably could not oc- 
cur without some reduction in vehicle size. They were refer- 
ring to exterior dimensions, not to interior space, which is a 
high customer priority. However, this type of size reduction 

also reduces those portions of the vehicle that provide the 
protective crush zones required to effectively manage crash 
energy. 

When asked about the potential use of lighter materials to 
allow weight reduction without safety-related size reduc- 
tions, the manufacturers acknowledged that they were gain- 
ing more experience with new materials but expressed con- 
cern about their higher costs. Given that concern, industry 
representatives did not expect that they could avoid reducing 
vehicle size if substantial reductions in vehicle weight were 
made. Thus, based on what the committee was told in direct 
response to its questions, significant increases in fuel 
economy requirements under the current CAFE system could 
be accompanied by reductions in vehicle weight, and at some 
level, in vehicle size. 

The committee recognizes that automakers’ responses 
could be biased in this regard, but the extensive down- 
weighting and downsizing that occurred after fuel economy 
requirements were established in the 1970s (see Chapter 2) 
suggest that the likelihood of a similar response to further 
increases in fuel economy requirements must be considered 
seriously. Any reduction in vehicle size and weight would 
have safety implications. As explained in Chapter 2, there is 
uncertainty in quantifying these implications. In addition, 
the societal effects of downsizing and downweighting de- 
pend on which segments of the fleet are affected. For ex- 
ample, if future weight reductions occur in only the heaviest 
of the light-duty vehicles, that can produce overall improve- 
ments in vehicle safety. The following sections of the report 
describe the committee’s findings on vehicle weight, size, 
and safety in greater detail and set forth some general con- 
cerns and recommendations with regard to future efforts to 
improve the fuel economy of the passenger vehicle fleet. 

The Role of Vehicle Mass 
The 1992 NRC fuel economy report concluded as fol- 

lows: “Although the data and analyses are not definitive, the 
Committee believes that there is likely to be a safety cost if 
downweighting is used to improve fuel economy (all else 
being equal)” (NRC, 1992, p. 6). Studies continue to accu- 
mulate indicating that mass is a critical factor in the injury 
outcomes of motor vehicle crashes (e.g., Evans and Frick, 
1992, 1993; Wood, 1997; Evans, 2001). Although there are 
arguments that not all increases in vehicle weight benefit 
safety, these arguments do not contradict the general finding 
that, all other things being equal, more mass is protective. 
For example, Joksch et al. (1998) have reported that, when 
vehicles of similar size are compared, those that are signifi- 
cantly heavier than the average for their size do not appear to 
improve their occupants’ protection but do increase the risk 
to occupants of other vehicles with which they collide. The 
authors note (Joksch et al., 1998, p. ES-2) that this effect 
should be interpreted with caution, because it is likely that 
overweight vehicles are overweight in part because of more 
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powerful (and heavier) engines and performance packages, 
which could attract more aggressive drivers. Thus, Joksch et 
al. demonstrate that some weight increases can be detrimen- 
tal to safety, but this finding does not change the basic rela- 
tionship: among vehicles of equal size and similar driving 
exposure, the heavier vehicle would be expected to provide 
greater occupant protection. 

The protective benefits of mass are clearly understood in 
multiple-vehicle crashes, where the physical conservation of 
momentum results in the heavier vehicle’s experiencing a 
smaller change in momentum, and hence lower occupant 
deceleration, than the lighter vehicle. However, mass is also 
protective in single-vehicle crashes with objects (such as 
trees, poles, or guard rails), because many of these objects 
will move or deform in proportion to the mass of the vehicle. 
In this case, the change in velocity is not affected, but the 
deceleration of the vehicle and its occupants decreases as the 
object that is struck deforms or moves. Figures 4-7 and 4-8, 
which show fatality rates per million registered vehicles by 
vehicle type and vehicle weight, illustrate the protective ef- 
fects of vehicle mass in single- and multiple-vehicle crashes. 
The heaviest vehicles in each class (cars, S U V s ,  and pick- 
ups) have about half as many fatalities per registered vehicle 
as the lightest vehicles.’ 

While the benefits of mass for self-protection are clear, 
mass can also impose a safety cost on other road users. In a 
collision between two vehicles, increasing the mass of one 
of the vehicles will decrease its momentum change (and the 
forces on its occupants) but increase the momentum change 
of the crash partner. Figure 4-9 shows the increased fatalities 
caused in other vehicles per million registered cars, SUVs,  
or pickups as the mass of the “striking” vehicle increases. 
Because of this tendency to cause more injuries to occupants 
of other vehicles, heavier vehicles are sometimes said to be 
more “aggressive.” Aggressivity also varies by vehicle type; 
S U V s  and pickups cause more deaths in other vehicles than 
do passenger cars. There are also effects of vehicle type on 
the likelihood of injuring pedestrians and other vulnerable 
road users, although the effects of mass are much weaker 
there (see Figure 4-10). The smaller effect of mass for the 
more vulnerable nonoccupants probably reflects the fact that 
mass ratios between, for example, pedestrians and the light- 
est vehicle are alrcady so high that incrcasing mass of thc 
vehicle makes little additional difference in survivability for 
the pedestrian. The differences by vehicle type may reflect 
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FIGURE 4-7 Occupant death rates in single-vehicle crashes for 
1990-1996 model passenger vehic les  by weight of  vehicle.  
SOURCE: Insurance Institute for Highway Safety, using fatality 
data from NHTSA’s Fatality Analysis Reporting System (FARS) 
for 1991-1997, a census of traffic fatalities maintained by NHTSA, 
and vehicle registration data from the R.L. Polk Company for the 
same years. 

the greater propensity of taller vehicles to do more damage 
in collisions with nonoccupants. 

The net societal safety impact of a change in the average 
mass of the light-duty vehicle fleet can be an increase, a 
decrease, or no change at all. The outcome depends on how 
that change in mass is di‘stributed among the vehicles that 
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‘Because mass and size are highly correlated, some of the relationships 
illustrated in these figures are also attributable to differences in vehicle size, 
an issue that will be discussed further later in this chapter. These figures 
also show that mass is not the only vehicle characteristic affecting occupant 
injury risk, as there are substantial differences in occupant fatality risk for 
cars, SUVs, and pickups of similar weight. Much of this difference prob- 
ably results from the higher ride heights of S W s  and pickups; riding higher 
is protective in multiple-vehicle crashes, because the higher vehicle tends to 
ovemde lower vehicles, but increases single-vehicle crash fatalities by rais- 
ing the vehicle’s center of gravity and increasjng rollover risk. 

vehicle weight (Ib.) 

FIGURE 4-8 Occupant death rates in two-vehicle crashes for 
1990-1996 model passenger vehicles by weight of  vehicle.  
SOURCE: Insurance Institute for Highway Safety, using fatality 
data from NHTSA’s Fatality Analysis Reporting System (FARS) 
for 1991-1997, a census of traffic fatalities maintained by NHTSA, 
and vehicle registration data from the R.L. Polk Company for the 
same years. 
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FIGURE 4-9 Occupant death rates in other vehicles in two-vehicle 
crashes for 1990-1996 model passenger vehicles. SOURCE: In- 
surance Institute for Highway Safety, using fatality data from 
NHTSA’s Fatality Analysis Reporting System (FARS) for 1991- 
1997, a census of traffic fatalities maintained by NHTSA, and ve- 
hicle registration data from the R.L. Polk Company for the same 
years. 

make up the vehicle fleet (compare Appendix D of NRC, 
1992). 

In Chapter 2 the committee reviewed a 1997 study of the 
National Highway Traffic Safety Administration (NHTSA) 
(Kahane, 1997) that estimated the anticipated effect of a 
100-lb change in the average weight of the passenger car and 
light-truck fleets. These estimates indicated that such a 
weight reduction would have different effects on different 
crash types. Nevertheless, over all crash types, decreasing 
the average weight of passenger cars would be expected to 
increase the motor vehicle fatality risk (all else being equal). 
Correspondingly, decreasing the average weight of the 
heavier fleet of light trucks might reduce the motor vehicle 
crash fatality risk (although the latter result was not statisti- 
cally significant). 

Lund and Chapline (1999) have reported similar findings. 
They found that total fatalities in a hypothetical fleet of rela- 
tively modern passenger vehicles would be reduced by about 
0.26 percent if all pickups and S W s  weighing more than 
4,000 Ib were replaced with pickups and S W s  weighing 
3,500 to 4,000 lb. However, if the heaviest cars, those weigh- 
ing more than 3,500 Ib, were replaced by cars weighing be- 
tween 3,000 and 3,500 lb, the estimated effect changed to an 
increase in total fatalities of 4.8 percent. Although the au- 
thors did not consider crashes with nonoccupants such as 
pedestrians and bicyclists, whose risk appeared to have no 
clear relationship to vehicle mass (see Figure 4-10), the 
results confirm Kahane’s (1997) finding that the expected 
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FIGURE 4-10 Pedestrian/bicyclist/motorcyclist death rates for 
1990-1996 model passenger vehicles by vehicle weight. SOURCE: 
Insurance Institute for Highway Safety, using fatality data from 
NHTSA’s Fatality Analysis Reporting System (FARS) for 1991- 
1997, a census of traffic fatalities maintained by NHTSA, and ve- 
hicle registration data from the R.L. Polk Company for the same 
years. 

societal effect of decreases in vehicle mass, whether in 
response to fuel economy requirements or other factors, de- 
pends on which part of the vehicle fleet becomes lighter.2 

2As noted in Chapter 2, the committee has relied heavily on these NHTSA 
analyses in its consideration of the likely effects of future improvements in 
fuel economy. Although they have been the subject of controversy, the 
committee’s own review of the analyses found no compelling reasons to 
change the conclusions or alter the estimates of the relationship between 
vehicle mass and safety. Statistical and conceptual considerations indicate 
that changes are occurring in the pattern of motor vehicle crash fatalities 
and injuries, which could affect these estimates in the future, but the stabil- 
ity of relative occupant fatality rates between lighter and heavier vehicles 
over the past 20 years does not suggest that the estimates should change 
significantly over the time period considered by the committee, essentially 
the next 10-15 years (see Chapter 2). As indicated in Chapter 2, this com- 
mittee believes that further study of the relationship between size, weight, 
and safety is warranted, because of uncertainty about the relationship be- 
tween vehicle weight and safety. However, the majority of the committee 
believes that these concerns should not prevent the use of NHTSA’s careful 
analyses to provide some understanding of the likely effects of future im- 
provements in fuel economy, if those improvements involve vehicle 
downsizing. The committee believes this position is consistent with that of 
the National Research Council’s Transportation Research Board (NRC- 
TRB) committee that reviewed the draft NHTSA report in 1996, which 
concluded “it is important. . . to provide a sense of the range of uncertainty 
so that policy makers and researchers can properly interpret the results” 
(NRC-TRB, 1996, p. 7). NHTSA’s final report has done that, and the use of 
NHTSA’s results is consistent with this committee’s approach to other un- 
certainties surrounding efforts to improve fuel economy: that is, to use the 
best scientific evidence available to gauge likely effects and IO state the 
uncertainty associated with those efforts. 
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Vehicle Size and Safety 

Estimates of the effect of vehicle weight have been con- 
founded with the effects of size because the mass and size of 
vehicles are correlated so closely. For example, the 2001 
Buick LeSabre, a typical large car, is 200 inches long and 74 
inches wide and weighs (unloaded) 3,600 lb. A 2001 four- 
door Honda Civic, a typical small car for the United States, 
has an overall vehicle length of 175 inches, overall width of 
67 inchcs, and a weight of 2,400 Ib (Highway Loss Data 
Institute, 2001). Thus, some of the negative effect of vehicle 
weight constraints on safety that has been attributed to mass 
reduction is attributable to size reduction. 

Historical changes in the fleet have similarly confounded 
mass and size characteristics. While the mass of the passen- 
ger car fleet was decreased about 900 pounds between 1975 
and 1990, the length of vehicles also declined, with average 
wheelbase (the distance between the front and rear axles) 
declining more than 9 inches (NRC, 1992). Efforts to disen- 
tangle these effects are hampered by the fact that, when ve- 
hicles of similar size differ in mass, they usually do so for 
reasons that still confound the estimate of mass effects (see, 
for example, Joksch et al., 1998; C.J. Kahane, NHTSA, also 
spoke of this in his presentation to the committee on Febru- 
ary 6, 2001). 

Despite this confounding, carefully controlled research 
has demonstrated that, given a crash, larger vehicles pro- 
vide more occupant protection independent of mass. In 
crashes between vehicles of similar mass, smaller vehicles 
have higher fatality rates than larger ones (Evans and 
Frick, 1992; Wood, 1997; Evans, 2001). In addition, 
Wood (1997) has argued that much of the apparent pro- 
tective effect of mass in single-vehicle crashes may occur 
because of the association of mass with size. Theoreti- 
cally, increased size of one vehicle can be beneficial to 
other road users as well, to the extent that the increased 
size translates to more crush space (Ross and Wenzel, 
2001; O’Neill, 1998). By the same token, to the extent 
that size reductions translate to less crush space, smaller 
size is detrimental to both the vehicle’s own occupants 
and the occupants of other vehicles. 

Theoretically, size can affect crash likelihood as well as 
crashworthiness, independently of mass. For example, re- 
ductions in size may make a vehicle more maneuverable. 
Smaller vehicles may be easier to “miss” in the event of a 
potential collision. Drivers of smaller, lower vehicles may 
be better able to see and avoid other vulnerable road users 
such as pedestrians and bicyclists. These effects could lead 
to reduced societal risk despite the negative effects of re- 
duced size on occupant protection, given a crash. 

The committee found no direct empirical support for this 
crash avoidance benefit, but there is some indirect support in 
the pattern of Kahane’s (1997) fatality results. For example, 
Kahane reported a much larger reduction in pedestrian, bicy- 
clist, and motorcyclist fatalities associated with a reduction 
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in light truck weights than with the same reduction in car 
weights. The mass ratios between pedestrians and motor ve- 
hicles are so large that the difference between cars and light 
trucks cannot be due solely to the change in mass. Rather, it 
is possible that some of the difference in reduction is due to 
changes in size, and hence visibility of pedestrians, to the 
driver. In addition, Kahane’s analyses found no expected 
change in car-to-car or truck-to-truck crash fatalities as a 
result of vehicle downweighting. That result is contradictory 
to other studies indicating that, in the event of a crash, smaller 
cars offer less occupant protection (see above). The explana- 
tion could be that a smaller vehicle’s increased injury risk 
given a crash is offset by a tendency to get into fewer crashes 
(by  virtue of its easier-to-miss, smaller profile or its poten- 
tially superior agility). 

The direct evidence that is available contradicts this crash 
avoidance hypothesis, however. Overall, there is evidence 
that smaller vehicles actually are involved in more collisions 
than larger vehicles, relative to their representation in the 
population of vehicles. The Highway Loss Data Institute 
(HLDT) tracks the collision insurance claims experience of 
about 65 percent of the vehicles insured in the United States. 
Table 4-4 indicates the incidence of collision claims for 
1998-2000 models in 1998-2000, relative to the average 
collision claims frequency for all passenger cars. The results 
have been standardized to represent similar proportions of 
drivers less than 25 years of age. The principal pattern of 
these data is that the frequency of collision claims is higher 
for smaller vehicles, the opposite of what might be expected 
from the simple geometry of the vehicles. 

The important theoretical role of vehicle size for crash- 
worthiness led the committee to consider whether some of 
the adverse safety effects associated with decreases in mass 
could be mitigated if size remained the same. In this context, 
it is important to distinguish among different meanings of 
the term “vehicle size.” Changes in size of the occupant com- 
partment are generally less relevant to safety (but not irrel- 
evant) than changes in the exterior size of vehicles-the lat- 
ter affect the size of the so-called crush zones of the vehicle. 

It is noteworthy that almost all of the downsizing that 
occurred in conjunction with increased fuel economy oc- 
curred in this crush zone; the size of the occupant compart- 

TABLE 4-4 Relative Collision Claim Frequencies for 
1998-2000 Models 

~~ 

Four-Door 
Size Class Cars sws Pickups 

Mini 124 
Small 112 78 87 
Midsize 99 76 
Large 88 65 75 
Very large IO 86 

- - 

- 

- 

SOURCE: Highway Loss Data Institute (2001). 
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ments of vehicles has changed little since 1977, when EPA 
estimated the interior volume of cars to be 110 cubic feet. 
That fell to a low of 104 cubic feet in 1980, but generally 
ranged from 108 to 110 cubic feet during the 1990s @PA, 
2000). This reflects the critical effect of interior volume on 
the utility of passenger cars and hence their marketability. 
For the same reason, the committee expects that future size 
reduction, if necessary to reduce weight, would again occur 
principally outside the occupant compartment, and that inte- 
rior space would be one of the last areas subject to reduction. 

What would be the benefits if crush space were retained 
in a future lighter-weight fleet? Empirical data do not exist 
to answer this question quantitatively, but the committee 
would expect a smaller adverse safety effect of vehicle 
weight reduction. Still there would be some loss of occu- 
pant protection, because lighter vehicles decelerate more 
rapidly in crashes with other vehicles or with deformable 
fixed objects. Effective crush space would therefore have 
to increase with reductions in mass in order to keep injury 
risk the same. Thus, if manufacturers try to maintain cur- 
rent levels of occupant protection as they downweight, they 
would have to use some of the weight savings from alter- 
native materials and structures to provide additional crush 
space. 

In addition, it must be noted that not all the effects of 
maintaining size will necessarily be beneficial. Some of the 
increased risk of injury to occupants associated with vehicle 
downweighting was offset by reduced injury risk to vulner- 
able road users (Kahane, 1997). Those offsetting benefits 
may occur as a result of changes in certain size characteris- 
tics that are typically associated with weight reduction. For 
example, a change in the height and size of vehicle front 
ends may be the critical factor in the estimated benefits to 
pedestrians of reductions in the weight of light trucks. Thus, 
if size is maintained, it may reduce the benefits of lighter- 
weight vehicles for pedestrians and cyclists. 

In sum, the committee believes that it will be important to 
maintain vehicle crush space if vehicles are downweighted 
in the future, but it is unable to develop quantitative esti- 
mates of the extent to which such efforts can reduce the esti- 
mated effects of vehicle downweighting. 

Effect of Downweighting by Vehicle and Crash Type 

To examine the impact of vehicle weight reduction on the 
future safety environment, the majority of the committee 
considered how weight reduction might influence various 
crash types. This section of the report discusses how the corn- 
mittee expects vehicle weight reduction to operate in various 
kinds of multivehicle and single-vehicle crashes. 

Multiple- Vehicle Crashes 

Multiple-vehicle crashes account for slightly more than 
half of occupant fatalities. They include crashes between cars 

and light trucks, crashes between either cars or light trucks 
and heavy trucks, and crashes of cars with cars and light 
trucks with light trucks. The effect on safety of down- 
weighting and downsizing of the light-duty fleet varies 
among these multiple-vehicle crash types: 

Collisions Between Cars and Light Trucks Uniform down- 
weighting of the fleet, that is, reducing weight from all 
classes of vehicles, might be expected to produce an increase 
in traffic casualties. However, if the downweighting is 
restricted to the heaviest pickup trucks and S W s ,  with no 
weight reduction in the smaller light trucks or passenger cars, 
casualties could decrease. Thus, for these crashes, any 
change in casualties is very sensitive to how downsizing is 
distributed. This is a consistent finding in the safety litera- 
ture and is confirmed by the 1997 NHTSA analysis. 

Collisions Between Light-Duty Vehicles and Heavy 
Trucks If there is downsizing in any light-duty vehicles with 
no corresponding change in heavy trucks, the number of ca- 
sualties would increase. This finding is reflected in the 1997 
NHTSA analyses and throughout the safety literature. 

Collisions of Cars with Cars or Trucks with Trucks In 
collisions of like vehicles of similar weight, a reduction in 
both vehicle weight and size is expected to produce a small 
increase in casualties. In fact, one consistent finding in the 
safety literature is that as average vehicle weight declines, 
crash risks increase (see Evans [2001], for example). The 
laws of momentum do not explain this typical finding, but 
analysts typically attribute it to the fact that as vehicle weight 
declines, so does vehicle size. Narrowly defined studies fo- 
cusing on pure crashworthiness consistently show this in- 
crease. However, the 1997 NHTSA analysis, which exam- 
ined the entire traffic environment, predicted a small 
(statistically insignificant) decrease in fatdities. It has been 
hypothesized that this inconsistency might be explained by 
the greater maneuverability of smaller vehicles and, hence, 
their involvement in fewer crashes. Studies have not found 
this to be the case, but it is very difficult to fully normalize 
data to account for the very complex traffic environment. In 
this instance, the committee is unable to explain why the 
1997 NHTSA analysis does not produce results consistent 
with those in the safety literature. The rest of NHTSA’s find- 
ings regarding multivehicle crash types are consistent with 
the literature. 

Single- Vehicle Crashes 

Single-vehicle crashes account for almost half of light- 
duty vehicle occupant fatalities. As with multiple-vehicle 
crashes, the safety literature indicates that as vehicle weight 
and vehicle size decline, crash risks increase. The committee 
examined three types of single-vehicle crashes: roIlovers, 
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crashes into fixed objects, and crashes with pedestrians and 
bicyclists. 

Rollovers Historically, a large part of the increase in casual- 
ties associated with vehicle downsizing has been attribut- 
able to rollovers. As vehicles get shorter and narrower they 
become less stable and their rollover propensity increases. If 
the length and width of the vehicle can be retained as weight 
is removed, the effect of weight reduction on rollover pro- 
pensity can be reduced. However, unless track width wid- 
ens, the vehicle’s rollover propensity in actual use would 
still increase somewhat, because occupants and cargo are 
typically located above the vehicle’s center of gravity (CG), 
raising the vehicle’s CG-height in use. 

One Ford safety engineer noted in discussions with the 
committee that the application of crash avoidance technol- 
ogy (generically known as electronic stability control) that is 
being introduced on some new vehicles might significantly 
reduce vehicle rollovers. It is unknown at this time how ef- 
fective this technology will be. In this regard, it is worth- 
while noting the experience with other technology aimed at 
reducing crash likelihood. 

Antilock brakes were introduced on vehicles after exten- 
sive testing indicated they unequivocally improved vehicle 
handling in emergency situations. In fact, antilock brakes 
were cited in the 1992 NRC report as a new technology that 
might offset the negative effects of vehicle mass reductions 
caused by increased fuel economy requirements (NRC, 1992, 
p. 59). However, experience with antilock brakes on the road 
has been disappointing. To date, there is no evidence that 
antilock brakes have affected overall crash rates at all; the 
principal effect has been to change the pattern of crashes 
(Farmer et al., 1997; Farmer, 2001; Hertz et al., 1998). Most 
tellingly, the initial experience suggested that antilock brakes 
actually increased fatal, single-vehicle, run-off-the-road 
crashes and rollovers (Farmer et al., 1997), the very crashes 
that the NRC committee thought antilock brakes might ben- 
efit. Recent research suggests that this increase in fatal, 
single-vehicle crashes associated with antiIocks may be di- 
minishing (Farmer, 2001), but still the evidence does not 
permit a conclusion that antilocks are reducing crash risk. 

Thus while it is conceivable that new technology might 
reduce or eliminate the risk of rollovers, at this time the com- 
mittee is not willing to change its expectations based on this 
eventuality. 

Fixed-Object Collisions Fixed-object collisions occur with 
both rigid, unyielding objects and yielding objects that can 
break or deform. For crashes into rigid objects, larger ve- 
hicles will, on average, permit longer, lower decelerations, 
although this will be influenced by the stiffness of the ve- 
hicle. In crashes with yielding, deformable objects, as a 
vehicle’s weight is reduced, the struck object’s deformation 
is reduced, increasing the deceleration in the striking vehicle. 
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Thus lighter vehicles, with or without size reductions, would 
be expected to increase occupant fatality risk. 

Studies by Evans (1994), Klein et al. (1991), and Partyka 
and Boehly (1989) all confirm that there is an inverse rela- 
tionship between occupant safety and vehicle weight in these 
crashes. Klein et al. found that there was a 10 percent in- 
crease in fatality risk associated with a 1,000-lb reduction in 
vehicle weight in single-vehicle, nonrollover crashes. Simi- 
larly, NHTSA’s 1997 analysis estimated that there is a 
slightly greater than 1 percent increase in fatality risk associ- 
ated with a 100-Ib reduction in vehicle weight in these 
c r a ~ h e s . ~  

Collisions with Pedestrians, Bicyclists, and Motorcyclists 
If vehicles are downsized, they may be less likely to strike a 
pedestrian, bicyclist, or motorcyclist. Further, should a colli- 
sion occur, the reduced mass could lead to a reduction in 
casualties, although, given the mismatch in the mass between 
the vehicle and the unprotected road user, any benefit would 
not be expected to be very large. 

Safety Impacts of Possible Future Fuel 
Economy Scenarios 

The foregoing discussion provides the majority of the 
committee’s general views on how vehicle weight and size 
reductions, if they occur in response to demands for in- 
creased fuel economy, could affect the safety of motor ve- 
hicle travel. The committee evaluated the likely safety ef- 
fects of a number of possible scenarios involving different 
amounts of downweighting of the future fleet, using the re- 
sults of the NHTSA analyses (Kahane, 1997) for quantita- 
tive guidance. Two of these possible scenarios are presented 
below. They are not intended to reflect the committee’s rec- 
ommendations, but they do reflect two possibilities that can 
be instructive in evaluating future fuel economy require- 
ments. The first scenario examines the safety consequences 
that would be expected if manufacturers achieved a 10 per- 
cent improvement in fuel economy using the same pattern of 

31n an attempt to gain more insight into single-vehicle crashes, Partyka 
(1 995) examined field data on single-vehicle, nonrollover crashes into yield- 
ing fixed objects. Her goal was to learn if there was a relationship between 
vehicle weight and crash outcomes. However, in this study, rather than 
examining occupant injury as the crash outcome of interest, crash outcomes 
were defined as whether the yielding object was damaged in the crash. For 
frontal crashes she found that damage to the yielding fixed object was more 
likely to occur in crashes with heavier vehicles. However, there was no 
consistent relationship between vehicle weight and damage to the yielding 
object in side crashes. The author was not able to considercrash severity as 
a possible explanation for this anomaly since hWTSA’s national accident 
sampling sysrem (NASS) did not provide estimates of crash severity for any 
of the events where the yielding object was damaged. Further, the author 
did not aggregate the data to reach an overall conclusion regarding the rela- 
tionship between vehicle weight and damage to yielding fixed objects be- 
cause she was unconlfortable with the results of the side impact analysis 
and questioned its reliability (personal communication from the author). 



76 EFFECTIVENESS AND IMPACT OF CORPORATE AVERAGE FUEL ECONOMY (CAFE) STANDARDS 

downweighting and downsizing that occurred in the late 
1970s and 1980s. As discussed above, it is uncertain to what 
extent downweighting and downsizing will be part of manu- 
facturers’ strategies for improving fuel economy in the fu- 
ture, but one guide to their behavior can be to look at what 
they did in the past. 

The second scenario is based on the minimal weight 
change predictions associated with the committee’s cost-ef- 
ficient analysis of future technology, discussed earlier in this 
chapter. Thus, this analysis projects the safety consequences 
if manufacturers apply likely powertrain technology prima- 
rily to improve vehicle fuel economy. 

In both scenarios, the hypothetical weight reductions are 
based on the M Y  2000 light-duty vehicle fleet (the average 
car weighed 3,386 lb and the average light truck, 4,432 Ib). 
The estimated effects of the weight reductions are applied to 
the 1993 vehicle fleet, the reference year for the NHTSA 
analyses (Kahane, 1997). Obviously the results in these sce- 
narios cannot be, nor are they intended to be, precise projec- 
tions. NHTSA’s analysis was based on the characteristics of 
1985-1993 vehicles and was applied to the 1993 fleet. Fur- 
ther, even if manufacturers dropped the average weight of 
the vehicles described in the two scenarios starting in 2002, 
it would take many years before those changes had any sig- 
nificant influence on the overall makeup of the future ve- 
hicle fleet. And that fleet would be operating in an environ- 
ment that will differ from the environment that was the basis 
for the 1997 NHTSA analysis. 

Nevertheless, the committee’s majority believes that the 
calculations below provide some insight into the safety im- 
pacts that might occur if manufacturers reduce weight in re- 
sponse to increased fuel economy standards, as described 
below. 

Historical Pattern Scenario 

Between 1975 and 1984, the average weight of a new car 
dropped from 4,057 to 3,098 Ibs (24 percent). For light 
trucks, weight declined from 4,072 to 3,782, or 290 Ib 
(7 percentj. These mass reductions suggest a 17 percent im- 
provement in fuel economy for cars and a 5 percent improve- 
ment for light  truck^.^ During those years, the fuel economy 
of cars and light trucks actually improved by about 66 per- 
cent (from 15.8 mpg to 26.3 mpg) and 50 percent (from 13.7 
mpg to 20.5 mpg), respectively. In other words, vehicle 
downsizing accounted for about 25 percent of the improve- 
ment in fuel economy of cars and 10 percent of the improve- 
ment of light trucks between 1975 and 1984. 

A similar pattern in achieving a 10 percent improvement 
in fuel economy today would imply a 3.6 percent weight 
reduction for cars ( I  22 Ib for 2000 models) and a 1.4 percent 

4Based on an assumed 7 percent improvement in fuel economy for each 
10 percent reduction in weight. 

weight reduction for light trucks (63 lb for 2000 models). 
Had this weight reduction been imposed on the fleet in 1993, 
it would have been expected to increase fatalities involving 
cars about 370 (f110) and to decrease fatalities involving 
light trucks by about 25 (It40). The net effect in 1993 for a 
10 percent improvement in fuel economy with this mix of 
downsizing and increased fuel efficiency would have been 
about 350 additional fatalities (95 percent confidence inter- 
val of 229 to 457). 

Cost-Efficient Scenario 

Earlier in this chapter (under “Analysis of Cost-Efficient 
Fuel Economy”), cost-efficient fuel economy increases of 
12 to 27 percent for cars and 25 to 42 percent for light trucks 
were estimated to be possible without any loss of current 
performance characteristics. In the cost-efficient analysis, 
most vehicle groups actually gain approximately 5 percent 
in weight to account for equipment needed to satisfy future 
safety standards. Thus, for these vehicle groups, cost-effi- 
cient fuel economy increases occur without degradation of 
safety. In fact, they should provide enhanced levels of occu- 
pant protection because of both the increased level of safety 
technology and the increased weight of that technology. 

For three groups of vehicles (large cars, midsize S U V s ,  
and large S U V s ) ,  under the cost-efficient scenario, it is pro- 
jected that manufacturers would probably compensate for 
the added weight attributable to safety technology with 
weight reductions in other areas. These weight reductions 
mean that occupants of these vehicIes are somewhat less pro- 
tected in crashes than they otherwise would have been 
(though they still benefit from the added safety technology). 

Estimating the potential effect of this limited downsizing 
is complicated because the estimates of the safety effect of 
100-Ib changes in average vehicle weight developed by 
NHTSA cannot be applied directly to changes in specific 
vehicle groups. However, NHTSA’s report included sensi- 
tivity analyses that estimated the effect of weight reductions 
restricted to the heaviest 20 percent of cars (those heavier 
than 3,262 Ib) and to the heaviest 20 percent of light trucks 
(those heavier than 3,909 Ib) (Kahane, 1997, pp. 165-172). 
Specifically, NHTSA estimated that a 500-lb reduction in 
these vehicle groups in 1993 would have resulted in about 
250 additional fatalities in car crashes and about 65 fewer 
fatalities in light-duty truck crashes. 

If it is assumed that cars greater than 3,262 Ib correspond 
roughly to “large cars” as referred to in the committee’s cost- 
efficient fuel economy analysis outlined earlier in this chap- 
ter, then the 5 percent weight reduction, had it occurred in 
1993, would have been about 160 to 180 Ib, or only about 
one-third of the reduction of the NHTSA analysis. Thus, it is 
estimated that reducing the weight of large cars in the way 
foreseen in the cost-effective fuel economy analyses would 
have produced about 80 additional fatalities in car crashes in 
1993. 



IMPACT OF A MORE FUEL-EFFICIENT FZEET 

Similarly, if midsize and large S U V s  are assumed to be in 
the heaviest 20 percent of light-duty trucks and if such ve- 
hicles account for as much as half the light-duty truck popula- 
tion in the near future, then about half the light-duty truck fleet 
will be 5 percent lighter (about 200 Ib). This weight reduction 
is about 40 percent of the reduction studied by NHTSA and 
would have saved 15 lives had it occurred in 1993. 

Adding these effects yields an estimated increase of 80 
car crash fatalities minus 15 fewer truck crash fatalities, or 
about 65 additional fatalities. 

NHTSA's sensitivity analysis did not include standard 
errors for the weight reductions in the heaviest vehicles, but 
in this case they would clearly be large enough that reason- 
able confidence bounds for this estimate would include zero. 
Thus, an increase in fatality risk in the future fleet is pre- 
dicted from the kinds of weight reductions included in the 
cost-efficient fuel economy scenario identified by the com- 
mittee, but the uncertainty of this estimate is such that the 
effect might be zero and would be expected to result in fewer 
than 100 additional fatalities. 

In addition, it should be noted that these results do not 
imply that the actual safety effect would be as small as this 
if the required fuel economy rises to the targets indicated in 
the cost-efficient analyses. This is because manufacturers 
could choose to use advances in drive train technology for 
other vehicle attributes such as acceleration or load capac- 
ity. In that case, additional vehicle downweighting might 
occur, and the adverse safety consequences would grow. 
Thus, the actual safety implications of increasing fuel 
economy to the cost-efficient levels specified earlier in this 
chapter will depend on what strategies manufacturers actu- 
ally choose in order to meet them and the structure of the 
regulatory framework. 

Conclusion: Safety implications of Increased CAFE 
Requirements 

In summary, the majority of the committee finds that the 
downsizing and weight reduction that occurred in the late 
1970s and early 1980s most likely produced between 1,300 
and 2,600 crash fatalities and between 13,000 and 26,000 
serious injuries in 1993. The proportion of these casualties 
attributable to CAFE standards is uncertain. It is not clear 
that significant weight reduction can be achieved in the fu- 
ture without some downsizing, and similar downsizing 
would be expected to produce similar results. Even if weight 
reduction occurred without any downsizing, casualties would 
be expected to increase. Thus, any increase in CAFE as cur- 
rently structured could produce additional road casualties, 
unless it is specifically targeted at the largest, heaviest light 
trucks. 

For fuel economy regulations not to have an adverse im- 
pact on safety, they must be implemented using more fuel- 
efficient technology. Current CAFE requirements are neu- 
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tral with regard to whether fuel economy is improved by 
increasing efficiency or by decreasing vehicle weight. One 
way to reduce the adverse impact on safety would be to es- 
tablish fuel economy requirements as a function of vehicle 
attributes, particularly vehicle weight (see Chapter 5). An- 
other strategy might be to limit horsepower-to-weight ratios, 
which could save fuel by encouraging the application of new 
fuel efficiency technology for fuel economy rather than 
performance. 

The committee would also like to note that there is a re- 
markable absence of information and discussion of the speed 
limit in the context of fuel consumption. The national 55- 
mph speed limit that was in effect until 1987 is estimated to 
have reduced fuel consumption by 1 to 2 percent while si- 
multaneously preventing 2,000 to 4,000 motor vehicle crash 
deaths annually (NRC, 1984). Relaxation of the speed limit 
has increased fatalities in motor vehicle crashes (Baum et 
al., 1991; Farmer et al., 1999), and fuel consumption pre- 
sumably is again higher than it would have been. In addition, 
it is reasonable to expect that higher speed limits, combined 
with higher fuel efficiency, provide incentives for driving 
further and faster, thereby offsetting intended increases in 
fuel economy, though this hypothesis is speculative on the 
part of the committee. 

But the committee wants to close where it started, by con- 
sidering the effect of future advances in safety technology 
on CAFE. Despite the adverse safety effects expected if 
downweighting occurs, the effects are likely to be hidden by 
the generally increasing safety of the light-duty vehicle fleet. 
This increase in safety is driven by new safety regulations, 
testing programs that give consumers information about the 
relative crash protection offered by different vehicles, and 
better understanding of the ways in which people are injured 
in motor vehicle crashes. Alcohol-impaired driving has been 
decreasing and seat belt usage has been increasing. Roads 
are becoming less hazardous for vehicles. 

Some might argue that this improving safety picture 
means that there is room to improve fuel economy without 
adverse safety consequences. However, such a measure 
would not achieve the goal of avoiding the adverse safety 
consequences of fuel economy increases. Rather, the safety 
penalty imposed by increased fuel economy (if weight re- 
duction is one of the measures) will be more difficult to iden- 
tify in light of the continuing improvement in traffic safety. 
Just because these anticipated safety innovations will im- 
prove the safety of vehicles of all sizes does not mean that 
downsizing to achieve fuel economy improvements will have 
no safety costs. 

If an increase in fuel economy is effected by a system that 
encourages either downweighting or the production and sale 
of more small cars, some additional traffic fatalities would 
be expected. Without a thoughtful restructuring of the pro- 
gram, that would be the trade-off that must be made if CAFE 
standards are increased by any significant amount. 
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Attachment 4A 

Life-Cycle Analysis of Automobile Technologies 

Assessments of new automobile technologies that have 
the potential to function with higher fuel economies and 
lower emissions of greenhouse gases (GHGs) have been 
made by the Energy Laboratory at the Massachusetts Insti- 
tute of Technology (MU) (Weiss et al., 2000) and by the 
General Motors Corporation (GM), Argonne National Labo- 
ratory, BP, ExxonMobil, and Shell (General Motors et al., 
2001, draft). Both studies compared fuels and engines on a 
total systems basis, that is, on a well-to-wheels (WTW) ba- 
sis. These assessments provide an indication of areas of 
promising vehicle and fuel technology and benchmarks for 
Iikely increases in fuel economy and reduction of GHG emis- 
sions from the light-duty fleet over the next two decades. 
This attachment provides additional information on the 
emerging technologies and GHG emissions described in 
Chapters 3 and 4. 

MIT’s analysis was confined to midsize cars with con- 
sumer characteristics comparable to a 1996 reference car 
such as the Toyota Camry. It was assumed that, aided by the 
introduction of low-sulfur fuels, all technologies would be 
able to reduce emissions of air pollutants to levels at or be- 
low federal Tier 2 requirements. Only those fuel and vehicle 
technologies that could be developed and commercialized 

by 2020 in economically significant quantities were evalu- 
ated. General Motors et al. (2001) focused on the energy use 
of advanced conventional and unconventional power-train 
systems that could be expected to be implemented in the 
2005 to 2010 time frame in a Chevrolet Silverado full-size 
pickup truck. The technologies were assessed on the basis of 
their potential for improving fuel economy while maintain- 
ing the vehicle performance demanded by North American 
consumers. Vehicle architectures and fuels analyzed in both 
studies are listed in Table 4A- 1. 

In the MIT study, the vehicle lifetimes and driving dis- 
tances were assumed to be similar for all vehicles. The more 
advanced technologies were compared to an “evolved 
baseline” vehicle-a midsize passenger car comparable in 
consumer characteristics to the 1996 reference car, in which 
fuel consumption and GHG emissions had been reduced by 
about a third by 2020 through continuing evolutionary im- 
provements in the traditional technologies currently being 
used. Figure 4A-1 summarizes energy use, GHG emissions, 
and costs for all the new 2020 technologies relative to the 
1996 reference car and the evolved 2020 baseline car. (The 
battery-electric car shown is an exception in that it is not 
“comparable” to the other vehicles; its rangc is about one- 

TABLE 4A-1 Vehicle Architecture and Fukls Used in the MIT and General Motors et al. Studies 

MIT (Weiss et ai., 2000) 

1996 reference internal combustion engine (ICE) 
Baseline evolved ICE 
Advanced gasoline ICE 
Gasoline ICE hybrid vehicle (HEV) 
Diesel ICE hybrid 
CNG ICE hybrid 
Gasoline fuel cell (FC) hybrid vehicle 
Methanol FC hybrid 
Hydrogen FC hybrid 
Battery electric 

General Motors et al. (2001) 

Conventional ( C O W )  with spark ignition (SI) gasoline engine (baseline) [GASO SI C O W ]  
C O W  with SI E85 (85% ethanol and 15% gasoline by volume) engine m8.5 SI CONV] 
CONV with compression-ignition direct-injection (CIDI) diesel engine DIESEL CIDI CONV] 
Charge-sustaining (CS) parallel hybrid electric vehicle 
CS HEV with CIDI diesel [DIESEL CIDI HEV] 
Gasoline fuel processor (FF’) fuel cell vehicle (FCV) [GASO FP FC FCV] 
Gasoline (naphtha) FP fuel cell (FC) HEV [NAP FP FC HEV] 
Gaseous hydrogen (GH,) refueling station (RS) FC HEV [GH, RS FC HEV] 
Methanol (MeOH) FP FCV [MEOH FP HEV] 
Ethanol FP FC HEV [HEV 100 FP FC HEV] 

with SI E85 engine [HE 85 SI HEW 
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TECHNOLOGY 

1996 Reference ICE 
Baseline evolved ICE 
Advanced gasdine ICE 
Advanced diesel ICE 
Gasdine ICE hybrid 
Diesel ICE hybrid 
CNG ICE hybrid 
Gasoline FC hybrid 
Methanol FC hybrid 
Hydrogen FC hybrid 
Battery electric 

TECHNOLOGY 

1996 Reference ICE 
Baseline evolved ICE 
Advanced gasdine ICE 
Advanced d i d  ICE 
Gasoline ICE hybrid 
Diesel ICE hybrid 
CNG ICE hybrid 
Gasoline FC hybrid 
Methanol FC hybrid 
Hydrogen FC hybrid 
Battery electric 

TECHNOLOGY 

1996 Reference ICE 
Baseline evdved ICE 
Advanced mine ICE 
Advanced diesel ICE 
Gasoline ICE hybrid 
Diesel ICE hybrid 
CNG ICE hybrid 
Gasdine F C hybrid 
Methanol FC hybrid 
Hydrogen FC hybrid 
Battery electric 
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FIGURE 4A-1 Life-cycle comparisons of technologies for midsize passenger vehicles. NOTE: A11 cars are 2020 technology except for the 
1996 reference car. On the scale, 100 = 2020 evolutionary baseIine gasoline ICE car. Bars show estimated uncertainties. SOURCE: Weiss 
et al. (2000). 
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third less than that of the other vehicles.) The bars suggest 
the range of uncertainty surrounding the results. The uncer- 
tainty is estimated to be about f30 percent for fuel-cell and 
battery vehicles, k20 percent for hybrid electric vehicles 
(HEVs) using internal combustion engines (ICE), and f10 
percent for all other vehicle technologies. 

MIT concludes that continued evolution of the tradi- 
tional gasoline car technology could result in 2020 vehicles 
that reduce energy consumption and GHG emissions by 
about one-third relative to comparable vehicles of today at 
a cost increment of roughly 5 percent. More advanced tech- 
nologies for propulsion systems and other vehicle compo- 
nents could yield additional reductions in life-cycle GHG 
emissions (up to 50 percent lower than those of the evolved 
baseline vehicle) at increased purchase and use costs (up to 
about 20 percent greater than those of the evolved baseline 
vehicle). Vehicles with HEV propulsion systems using ei- 
ther ICE or fuel-cell power plants are the most efficient and 
lowest-emitting technologies assessed. In  general, ICE 
HEVs appear to have advantages over fuel-cell HEVs with 
respect to life-cycle GHG emissions, energy efficiency, and 
vehicle costs, but the differences are within the uncertain-. 
ties of MIT’s results and depend on the source of fuel en- 
ergy. If automobile systems with drastically lower GHG 
emissions are required in the very long run future (perhaps 
in 30 to 50 years or more), hydrogen and electrical energy 
are the only identified options for “fuels,” but only if both 
are produced from nonfossil sources of primary energy 

.-............. ...................................................................................... t 
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(such as nuclear or solar) or from fossil primary energy 
with carbon sequestration. 

The results from the General Motors et al. study (2001) 
are shown in Figures 4A-2 and 4A-3. The diesel compres- 
sion-ignition direct-injection (CIDI)/HEV, gasoline and 
naphtha fuel-processor fuel-cell HEVs, as well as the two 
hydrogen fuel-cell HEVs (represented only by the gaseous 
hydrogen refueling station and fuel-cell HEV in Figure 4A- 
2) are the least energy-consuming pathways. All of the crude- 
oil-based selected pathways have well-to-tank (WIT) en- 
ergy loss shares of roughly 25 percent or less. A significant 
fraction of the WTT energy use of ethanol is renewable. The 
ethanol-fueled vehicles yield the lowest GHG emissions per 
mile. The CIDI HEV offers a significant reduction of GHG 
emissions (27 percent) relative to the conventional gasoline 
spark-ignitied (SI) vehicle. 

Considering both total energy use and GHG emissions, 
the key findings by General Motors et al. (2001) are these: 

Of all the crude oil and natural gas pathways studied, 
the diesel CIDI hybrid electric vehicle (HEV), the 
gasoline and naphtha HEVs, and the gaseous hydro- 
gen fuel-cell HEVs were nearly identical and best in 
terms of total system energy use. Of these technolo- 
gies, GHG emissions were expected to be lowest for 
the gaseous hydrogen fuel-cell HEV and highest for 
the diesel CIDI HEV. 
The gasoline-spark-ignited HEV and the diesel CIDI 

..................................................................................................... t 1 
FIGURE 4A-2 Well-to-wheels total system energy use for selected fueVvehicle pathways. SOURCE: General Motors et al. (2001). 
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FIGURE 4A-3 Well-to-wheels greenhouse gas emissions for selected fuelhehicle pathways. SOURCE: General Motors et al. (2001). 

HEV, as well as the conventional CIDI diesel, offer 
significant total system energy use and GHG emission 
benefits compared with the conventional gasoline 
engine. 
The methanol fuel-processor fuel-cell HEV offers no 
significant energy use or emissions reduction advan- 
tages over the crude-oil-based or other natural-gas- 
based fuel cell HEV pathways. 
Bioethanol-based fueVvehicle pathways have by far 
the lowest GHG emissions of the pathways studied. 

0 

gas-based Fischer-Tropsch diesel fuel pathways. Cri- 
teria pollutants were not considered. 
Liquid hydrogen produced in central plants, Fischer- 
Tropsch naphtha, and electrolysis-based hydrogen 
fuel-cell HEVs have slightly higher total system en- 
ergy use and the same or higher levels of GHG emis- 
sions than gasoline and crude naphtha fuel-processor 
fuel-cell HEVs and electrolytically generated hydro- 
gen fuel-cell HEVs. 

Major technology breakthroughs &e required for both REFERENCES 
the fuel and the for the fuel-processor General Motors Corporation, Argonne National Laboratory, BP, Exxon 
fuel-cell HEV pathway to reach commercialization. Mobil and Shell. 2001. Wheel-to-Well Energy Use and Greenhouse Gas 
On a total system basis, the energy use and GHG emis- Emissions of Advanced FueWehicle Systems. North American Analy- 
sions of compressed natural gas and gasoline spark- sis, April. Final draft. 
ignited conventional pathways are nearly identical. Weiss, Malcolm A,,  John B. Heywood, Elisabeth M. Drake, Andreas 

Schafer, and Felix F. AuYeung. 2000. On the Road in 2020: A Life- 
CycIe Analysis of New Automobile Technologies. Energy Labordory 

shown in Figures 4A-2 or 4A-3). Report # MIT EL 00-003, October. Cambridge, Mass.: Massachusetts 
The crude-oil-based diesel vehicle pathways offer Institute of Technology. 
slightly lower system GHG emissions and consider- 
ably better total system energy use than the natural- 

(The compressed natural gas [CNG] pathway is not 
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Potential Modifications of and Alternatives to CAFE 

WHY GOVERNMENTAL INTERVENTION? Exporting Countries' (OPEC's) market power; greater U.S. 
oil consumption could further increase the import price. In  
addition, international oil market disruptions could lead to 
economic losses in the United States. The greater the con- 
sumption of petroleum products, the more vulnerable the 

Why should the government intervene in the fuel econ- 
omy decisions of consumers and manufacturers? This sec- 
tion discusses the underlying rationales. 

Fuel economy decisions can be distorted if the market 
price of gasoline-the price that motivates decisions-fails 
to take account of the environmental impacts of gasoline use, 
the impacts of oil consumption on world oil prices, or the 
impacts of oil consumption on vulnerability to oil market 
disruptions. And, absent intervention, the resulting distor- 
tions would result in a fleet of new vehicles with fuel 
economy lower than what is optimal for the United States as 
a whole. Appropriately designed and scaled interventions 
can successfully mitigate these distortions and thereby en- 
hance overall welfare. This chapter examines the appropri- 
ate scale of interventions and explores alternative policy in- 

United Statesis to such disruptions. 
These factors together imply that there are costs of in- 

creasing gasoline use in addition to those seen by the indi- 
vidual consumer. These additional costs are referred to col- 
lectively as externalities (external costs). 

Since the rationale for fuel-use-reducing market interven- 
tions is the existence of external costs, the magnitude of these 
external costs determines the appropriate scale, or strength, 
of the interventions. Economic efficiency requires that con- 
sumers face the full social cost (including the external cost) 
associated with gasoline use, or be induced to act as if they 
faced those full costs. Therefore, quantification of these ex- 
ternal costs is important for policy analysis. A later section 
discusses this quantification. 

Environmental and international Oil Market Impacts 

struments that could reasonably be expected to enhance 
overall welfare. Unresolved Issues of Governmental Intervention 

The primary environmental issue is the emissions of car- 
bon dioxide (CO,), a normal combustion product of hydro- 
carbons, and the resultant impacts of atmospheric accumula- 
tions of CO, on global climate change.' The amount of CO, 
released from driving is directly proportional to the amount 
of gasoline consumed. There is also an environmental cost 
associated with releases of hydrocarbons and toxic chemi- 
cals from the gasoline supply chain. 

The second issue is the impact of increased oil consump- 
tion on the world oil market and on oil market vulnerability. 
The price of oil imported into the United States exceeds the 

Some analysts argue that, even in the absence of any en- 
vironmental and international oil market impacts, the United 
States should intervene in automobile markets to require 
higher fuel economy than would be chosen by manufactur- 
ers and consumers absent market intervention. These ana- 
lysts argue that there are reasons to believe that the market 
choices for fuel economy are not efficient, even absent these 

The net value of major increases in fuel economy is, at 
most, some hundreds of dollars to new car buyers even if 

competitive level because of the Organization of Petroleum 

'Vehicles also emit criteria pollutants, but these pollutants are regulated 
on a grams-per-mile basis, with allowable emissions not dependent on auto- 
motive fuel economy. Therefore, varying the fuel economy of new vehicles 
is unlikely to cause significant variations in emissions of criteria pollutants. 

2An intermediate position, held by at least one committee member, is 
that there should be no intervention absent environmental and international 
oil market impacts, but that when one combines environmental externalities 
and oil market problems with the imperfections in the markets for fuel 
economy, the case for action becomes strong. 
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fuel savings over the entire life of the vehicle are considered. 
This is because the net value is the difference between the 
discounted present value of fuel savings and the cost to the 
consumers of added technologies to achieve these savings. 
But if buyers consider the fuel costs only over the first few 
years they intend to own the vehicle, the perceived net value 
from these costly changes could be very low-even nega- 
tive-and consumers might prefer to not pay for such 
changes. 

In order to implement significant fuel economy increases, 
manufacturers must completely redesign all the vehicles they 
make. Manufacturers would decide whether to make very 
expensive and risky investment decisions, in the expectation 
of a small, uncertain advantage. According to this view, there 
is a lot of inertia in the market choices determining fuel 
economy, and one cannot be sure that manufacturers and 
consumers would ever arrive at the optimal fuel economy 
level. 

In addition, although there is good information available 
to consumers on the fuel economy of new vehicles, the in- 
formation is not perfect. And, since consumers do not know 
what the future price of fuel will be, they may underestimate 
or overestimate future fuel costs. Consumers typically do 
not actually compute the discounted present value of fuel 
savings before buying a car. Most importantly, there is no 
pure “price” of higher fuel economy facing car buyers; in- 
stead, they must infer how much greater fuel economy will 
cost by comparing different vehicles. Thus, these consumers 
may buy vehicles with fuel economy that is higher or lower 
than what they would have chosen had perfect information 
been available. 

Finally, from this point of view, although automobile 
companies compete intensely with each other, the automo- 
bile market is not perfectly competitive-in fact, it is more 
adequateIy described as oligopolistic. In oligopolistic mar- 
kets, companies may choose levels of fuel economy that are 
higher or lower than they would have chosen if the markets 
were perfectly competitive. For all of these reasons, this 
viewpoint maintains that there is no guarantee that markets 
will achieve economically optimal levels of fuel economy; 
rather, the levels could be either too high or too low. 

Committee members differ in their beliefs about the quan- 
titative importance of these issues and whether they justify 
government intervention to regulate fuel economy. 

Those supporting the viewpoint described here suggest 
that because automobile manufacturers might systematically 
produce vehicles with lower-than-optimal fuel economy, the 
government should intervene in the markets and should re- 
quire manufacturers to increase fuel economy to some “cor- 
rect” level. This viewpoint requires cakulation, external to 
the automobile manufacturers, of the correct level, at least 
for each type of vehicle. That correct level of fuel economy 
might be taken to be the cost-efficient level-that is, the level 
at which the estimated cost of additional fuel economy im- 
provements would be just equal to the estimated discounted 

present value of additional fuel cost savings over the entire 
life of the vehicle, using some estimate of future gasoline 
prices and some specified discount rate for future fuel cost 
savings. These fuel economy levels might correspond to the 
14-year case described in Chapter 4, if all assumptions un- 
derlying that calculation turned out to be accurate. 

Those rejecting the viewpoint argue that it is in the inter- 
ests of automobile manufacturers to estimate the preferences 
of their customers and others they wish to attract as their 
customers. Therefore, manufacturers provide levels of fuel 
economy that, in their estimation, best reflect the trade-offs 
potential customers would make themselves. 

But manufacturers realize, too, that vehicle buyers differ 
greatly from one another, including in the trade-offs they are 
willing to make between vehicle purchase price and fuel 
economy. Accordingly, the various manufacturers offer dif- 
ferent makes and models for sale, with a range of fuel econo- 
mies. Potential customers are free to choose vehicles that 
correspond to their particular preferences. Some will wish to 
purchase vehicles with fuel economy corresponding to the 
14-year case. Others value vehicle purchase price and may 
prefer vehicles that use more gasoline but are less expensive. 
For them, the best choice might be a vehicle with fuel 
economy corresponding to the 3-year case from Chapter 4. 

From this perspective, if the government requires fuel 
economy to correspond to the 14-year case, then those people 
who prefer to purchase vehicles corresponding to the 3-year 
case would be harmed. They would have to pay more money 
to purchase a vehicle. Although they would subsequently 
spend less on gasoline, the gasoline savings would not be 
sufficient to compensate them for the increased vehicle pur- 
chase price. Conversely, if the government were to require 
fuel economy to correspond to the 3-year case, then those 
who would prefer to purchase vehicles corresponding to the 
14-year case would be harmed. Although they would save 
money on new vehicle purchases, the savings would not be 
sufficient to compensate them for the additional price they 
would pay for gasoline over the life of the vehicle. This per- 
spective notes that absent government intervention, each 
type of consumer can be satisfied because the competing 
manufacturers will offer a range of options from which con- 
sumers can select. If fuel economy is regulated, the range of 
consumer choice may be sharply diminished, and some 
peopIe will be harmed. 

This debate has not been resolved within the committee, 
nor within the community of policy analysts. However, as is 
clear from Tables 4-2 and 4-3 in Chapter 4, the difference 
between the cost-efficient fuel economies of vehicles in the 
14-year case and the 3-year case is large. Thus, if most con- 
sumers had preferences corresponding to the 3-year case, yet 
fuel economy standards were set to correspond to the 14- 
year case, most consumers would be made economically 
worse off by such governmental regulation. Conversely, if 
most consumers had preferences corresponding to the 14- 
year case, yet automobile manufacturers offered only ve- 
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The committee used an estimate of a $0.02/gal for the total 
of these external costs in its  calculation^.^ 

The Organization of Petroleum Exporting Countries 
(OPEC) operates as a cartel that restricts the supply of oil to 
escalate its price above the free-market level. The greater 
the consumption of oil, the higher will be its price. Since the 
higher price would apply to all oil imports, not just to 
the increased consumption, the financial cost to the United 
States of increased oil use exceeds the market payment for 
the increased amount. The additional financial cost of im- 
porting more oil, often referred to as the monopsony compo- 
nent of the oil import premium, was much studied after the 
energy crises of 1973-1974 and 1979-1980. 

The volatility of oil prices also creates problems. Past oil 
shocks may have caused significant macroeconomic losses 
to the U.S. economy. As U.S. oil consumption rises, so does 
the vulnerability to such disruptions.6 The additional vulner- 
ability cost, often referred to as the security component of 
the oil import premium, was also much studied in the wake 
of past energy crises. 

Observations of the world oil market since the 1980s sug- 
gest that the monopsony component of the oil import pre- 
mium is small, primarily because the impact of US. oil con- 
sumption on world prices has proven to be smaller than once 
thought. These observations also suggest that the security 
premium also has become smaller, because the U.S. econ- 
omy is now less vulnerable to oil price volatility than in the 
1970s and the early 1980s: the United States has become 
significantly more energy efficient, its expenditure on oil 
relative to the gross domestic product (GDP) has declined, 
there now are more mechanisms for cushioning oil shocks, 
and the nation’s ability to manage the overall economy has 
improved greatly. Therefore, the marginal cost to the United 
States of oil consumption is now considerably smaller than 
previously estimated and is likely to remain so. However, 
this issue may become more important if the world price of 
oil rises. In addition, some analysts would argue that the 
concentration of oil use for transportation might be relevant, 
since there are few substitutes for oil in this sector. 

For its examples, the committee used an estimated exter- 
nal marginal cost of oil consumption of $5.00/bbl of oil for 
the combined monopsony component and security compo- 
nent of the oil import premium, although the cost could be 
smaller or larger than this figure.’ This estimate translates 

%Some people believe that military expenditures will also increase as a 
function of gasoline price (above and beyond mere fuel costs). However, 
the committee has seen no evidence to support that belief. 

7Work by Leiby et al. (1997) provides estimates of $3.00/bbI. The En- 
ergy Modeling Forum (1982) study World Oil. using nine different math- 
ematical models, estimated that in 2000, oil price would be increased by 
between 0.8 percent and 2.9 percent for every million barrels per day of oil 
import reduction. Applying that same percentage to current prices would 
give a monopsony component between $2.20 and $8.20/bbl. The vulner- 
ability component was much smaller in that study. 

into a cost of $0.12/gal of gasoline. An oil import premium 
range from $l/bbl to $10/bbl would give a range of esti- 
mated external costs from $0.02/gaI to $0.24/gal of gasoline. 

It should be emphasized that the monopsony component 
of the oil import premium is the marginal cost of increasing 
oil use. It includes neither the entire benefit to the United 
States of “solving” the problem of noncompetitive pricing 
by the OPEC nations nor the entire benefit of increasing in- 
ternational stability in world oil markets (or, equivalently, 
the cost of not solving these problems). These problems can- 
not be solved completely by changing the amount of oil con- 
sumed in the United States. 

Combining the $0.12/gaI marginal cost estimate for CO, 
externalities, the $0.12/gal for international oil external mar- 
ginal costs, and the $0.02/gal figure for externalities in the 
gasoline supply chain, the committee uses a total external 
marginal cost of additional gasoline use of $0.26/gal in all of 
the examples, although estimates as high as $0.50/gal or as 
low as $0.05/gal are not implausible and estimates well out- 
side of that range cannot be rejected out of hand. 

ALTERNATIVE POLICIES-SUMMARY DESCRIPTION 
Presentations to the committee, a review of published lit- 

erature, and committee deliberations identified many pos- 
sible modifications to the current CAFE system as well as 
other approaches to improving fuel economy. The various 
approaches are generally not mutually exclusive but nor- 
mally can be used alone or in combination with others. 

These changes can generally be grouped into four broad 
classes: 

Retain the basic CAFE structure. This approach would 
keep CAFE basically intact but would modify some 
elements that are particularly troublesome. 
Restructure fuel economy regulations. This approach 
would restructure CAFE with alternative regulatory or 
incentive policies directed at the fuel economy of new 
vehicles. 
Adopt energy demand-reduction policies. This broader 
approach is designed to reduce either gasoline con- 
sumption or consumption of all fossil fuels. 
Pursue cooperative government/industry technology 
strategies. This approach would attempt to advance au- 
tomotive technologies to greatly improve fuel economy. 

Retain the Basic CAFE Structure 

This class of policies would keep CAFE basically intact but 
would modify some troublesome elements, particularly those 
involving domestic versus import production and the defini- 
tions used to classify vehicles as trucks or passenger cars. 
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hicles corresponding to the 3-year case, most consumers 
would be made economically worse off by the government’s 
failure to intervene to increase fuel economy. 

Other Issues Not Considered 

The committee has explicitly not relied on rationales other 
than environmental and international oil market impacts. It 
is sometimes asserted that increases in fuel economy would 
reduce tailpipe emissions of criteria pollutants such as NO, 
or volatile organic compounds. But these criteria pollutants 
are regulated independent of fuel economy, so that each ve- 
hicle, when new, must have emissions below a federally 
mandated (or a tighter state-mandated) number of grams per 
mile. Since allowable grams per mile can be expected to 
remain the binding constraint and since allowable grams per 
mile does not depend on fuel economy, criteria pollutants 
do not provide a rationale for intervening to increase fuel 
economy. However, some research suggests that once the 
control systems of vehicles deteriorate, there is a relation- 
ship between fuel economy and emissions. And some par- 
ticularly high-fuel-economy vehicles now operate well be- 
low the grams-per-mile standards, although this is less likely 
to occur with higher fuel economy standards and/or with 
tightened standards for criteria pollutant emissions. The 
trend toward increasing the required warranty times for pol- 
lution control systems is likely to render this phenomenon 
moot for the purpose of evaluating fuel economy standards. 

Second, some critics believe manufacturers overestimate 
costs, that it would cost little to improve fuel economy, and 
that there could even be manufacturing cost savings associ- 
ated with such improvements. The cost estimates presented 
by the committee in Chapter 3 are, as might be expected, 
lower than some from industry. Overall, however, the com- 
mittee concludes that improving fuel economy significantly 
will raise the price of vehicles significantly. 

Third, some critics believe that consumers who care more 
about performance characteristics, such as acceleration, than 
about fuel economy are irrational. But this represents a dif- 
ference in tastes-the consumers and the critics value differ- 
ent things-not a difference in rationality. 

Finally, other industry observers have estimated external 
costs of driving in addition to the costs identified above, such 
as the costs of road congestion and policing. However, such 
costs will be unaffected by fuel economy and therefore do 
not provide a reason for market intervention to improve fuel 
economy. 

Quantifying Environmental and International 
Oil Market Costs 

One product of the combustion of hydrocarbon fuels such 
as gasoline or diesel in internal combustion engines is CO,. 
Scientific discussions of greenhouse gases typically refer to 
CO, emissions in terms of the weight of the carbon (C) con- 

tained in the CO,, and it is this terminology that the commit- 
tee uses in this report. The combustion of each gallon of 
gasoline releases 8.9 kg of CO,, or 2.42 kg of C in the form 
of C0,.3 The environmental and economic consequences of 
these releases are not included in the price of gasoline and 
are part of the environmental externalities of gasoline use. 

To quantify the environmental externalities associated 
with such CO, releases, in principle one could directly mea- 
sure the various consequences of additional CO, releases and 
place monetary values on each consequence. Although esti- 
mates have been made of the costs to agriculture, forestry, 
and other economic activities, estimating the marginal costs 
of environmental degradation, species extinction, increased 
intensity of tropical storms, and other impacts beyond com- 
mercial activities has proven highly controversial. A wide 
range of estimates appears in the literature, from negative 
values to values well over $100 per metric ton (tonne) of C. 
Public debate suggests that many people would estimate val- 
ues even outside of the published range of estimates, par- 
ticularly because there are many possible, although highly 
unlikely, events that could be very harmful or very benefi- 
cial. The committee has used a figure of $50/tonne C as an 
estimate of the environmental externality of additional car- 
bon emissions, although this figure is significantly higher 
than typical estimates in the published l i t e ra t~re .~  This esti- 
mate translates into a cost of $O.l2/gaI (gasoline), the value 
used in the examples in this chapter. A range of cost esti- 
mates from $3/tonne to $100/tonne would give a range of 
estimated external costs from $0.007/gal to $0.24/gal of 
gasoline. 

A second environmental cost of gasoline use is related to 
the hydrocarbon and toxic chemical releases from the gaso- 
line supply chain, including oil exploration and recovery, oil 
refining, and distribution (tanker, pipeline, or tanker truck 
distribution, and gasoline retail sales). The more gasoline 
used, the greater will be the amount of hydrocarbons and 
toxics released. However, the supply chain is tightly regu- 
lated, and releases per gallon of gasoline now are very lim- 
ited. Marginal costs of this environmental impact are small. 

3Combustion of gasoline releases about 19.36 kg of C per million Btu 
(MMBtu) of gasoline. A barrel of gasoline has an energy content of about 
5.25 MMBtu; there are 42 gallons per barrel. 

4At one of the committee’s public meetings, a representative of an envi- 
ronmental advocacy organization indicated that there was much uncertainty 
but offered a figure of $50/tonne. That figure is viewed as high. but not 
implausibly high, by committee members who have been involved in the 
global climate change debates. 

sThis issue was examined in Delucchi et al. (1994). That study showed 
various estimates for the value of hydrocarbon reductions from fuel 
economy improvements, depending on assumptions about the value of re- 
ducing hydrocarbon emissions, upstream control effectiveness, possible 
benefits of refueling, and evaporative losses. Based on this work, $O.OUgal 
seemed a reasonable estimate, given current emissions control trends and 
using $l,000/ton (1990 dollars) marginal damage of hydrocarbon emissions. 
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The Two-Fleet Rule Differentiating Between Domestic and 
Imported Cars 

Currently, each manufacturer must meet the CAFE stan- 
dard separately for its domestically produced fleet of new 
passenger cars and for its imported fleet. Averaging8 is al- 
lowed within each of these two fleets but is not allowed 
across the two fleets. A domestically produced fleet that sig- 
nificantly exceeded the CAFE standard could not be used to 
compensate for an imported fleet that failed to meet the stan- 
dard and vice versa. This requirement that the domestically 
produced fleet and the imported fleet each separately meet 
the CAFE standard is referred to as the two-fleet rule. No 
such requirement exists for light trucks. This distinction 
could be removed and the fuel economy standard could ap- 
ply to the entire new car fleet of each manufacturer. 

Feebates 

Classification of Vehicles As Trucks vs. Passenger Cars 

The distinction between passenger cars and light-duty 
trucks could be redefined to correspond more closely to the 
original distinction between the two classes-passenger ve- 
hicles and WorWcargo vehicles. Alternatively, the incentives 
for manufacturers to classify vehicles as trucks could be re- 
duced or eliminated. The provisions for flexible-fuel vehicles 
could be eliminated or redefined to ensure they will apply 
only to vehicles that will often use alternative fuels. 

Restructure Fuel Economy Regulations 

Feebates is an incentive mechanism that uses explicit gov- 
ernment-defined fees and rebates. Vehicles with a fuel 
economy lower than some fueI economy target pay a tax, 
while vehicles with a fuel economy higher than the target 
receive a rebate. Such systems could be designed to be rev- 
enue neutral: the tax revenues and the subsidies would just 
balance one another if the forecasted sales-weighted average 
fuel economy (or average per-mile fuel consumption) turncd 
out as predicted. 

Attribute-Based Fuel Economy Targets 

The government could change the way that fuel economy 
targets9 for individual vehicles are assigned. The current 
CAFE system sets one target for all passenger cars (27.5 mpg) 
and one target for all light-duty trucks (20.7 mpg). Each manu- 
facturer must meet a sales-weighted average (more precisely, 
a harmonic mean-see footnote 8) of these targets. However, 
targets could vary among passenger cars and among trucks, 
based on some attribute of these vehicles-such as weight, 
size, or load-canying capacity. In that case a particular manu- 
facturer’s average target for passenger cars or for trucks would 
depend upon the fractions of vehicles it sold with particular 
levels of these attributes. For example, if weight were the cri- 
terion, a manufacturer that sells mostly light vehicles would 
have to achieve higher average fuel economy than would a 
manufacturer that sells mostly heavy vehicles.IO 

Uniform Percentage Increases These policies more fundamentally restructure CAFE 
with alternative regulatory or incentive policies directed at 
fuel economy of new vehicles. There have been proposals that would require each manu- 

facturer to improve its own CAFE average by some uniform 

Tradable Fuel Economy Credits percentage, rather than applying the targets uniformly to all 
manufacturers. This is often referred to as the uniform per- 

There would be an increase in the economic efficiency 
and the flexibility of the CAFE system if a market-based 
system of tradable fuel economy credits were created, under 
which automobile manufacturers could sell fuel economy 
credits to other manufacturers and could buy credits from 
other manufacturers or from the government. This system 
would be similar in many respects to the successful system 
now used for trading sulfur emission credits among electric- 
ity power plants. 

centage increase (UPI) standard. 

Adopt Energy Demand-Reduction Policies 

There are several alternatives aimed more broadly at re- 
ducing motor fuel consumption or all fossil fuel consump- 
tion. They could be part of a more comprehensive energy 
policy. If these more broadly based alternatives were imple- 
mented, they could be used in place of or along with the 
instruments aimed directly at new vehicle fuel economy. 

Bundm CAFE, the “average” fuel economy is the sales-weighted har- 
monic mean of fuel economies of the individual vehicles sold by the manu- 
facturer. Mathematically, a standard on the sales-weighted harmonic mean 
of fuel economies of individual vehicles is exactly equivalent to a standard 
on the sales-weighted average of per-mile fuel consumption of individ- 
ual vehicles. In this chapter, the word “average” or “averaging” is used to 
denote this harmonic mean of fuel economies or average of per-rnile 
consumption. 

qhroughout this chapter, the word “target” is applied to the goal for fuel 
economy, or per-mile fuel consumption, of individual vehicles or groups of 
vehicles. The word “standard” is used to denote a regulatory rule that must 
be met. Under the current CAFE system, regulations do not require that 
each car or truck meet any particular target, although CAFE requires the 
corporation to meet the standards for the aggregate of all passenger cars and 
the aggregate of all trucks. 

‘qargets could also be normalized, for example, by expressing them in 
lerms of weight-specific fuel consumption-for example, gallons used per 
ton of vehicle weight per 100 miles. 
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Gasoline Tax ferent standards were set for passenger vehicles and for 
work/cargo vehicles. Work/cargo vehicles (light-duty trucks 
that weigh less than 8,500 Ib gross vehicle weight) were al- 
lowed higher fuel consumption because they needed extra 
power, different gearing, and less aerodynamic body con- 
figurations to carry out their utilitarian, load-canying func- 
tions. At that point, light-truck sales accounted for about 20 

The current federal excise tax on gasoline could be in- 
creased. A tax increase would provide direct incentives for 
consumers to buy and for manufacturers to produce higher- 
fuel-economy new vehicles and would also provide incen- 
tives to reduce the use of all new and existing vehicles. 

Carbon TaxesKarbon Cap-and- Trade Systems 

In order to address problems of global greenhouse gas re- 
lease, the United States could impose a carbon tax or could 
adopt a carbon cap-and-trade system. Under these systems, 
the total annual emissions of carbon dioxide would be limited 
or capped, rights to emit carbon would be allocated or auc- 
tioned off, and these rights would then be tradable among 
firms. In either system, the price of energy would increase, on 
a fuel-by-fuel basis, roughly in proportion to the amount of 
CO, released from combustion of that fuel. Such plans would 
provide a broad-based incentive to use less of all fossil fuels, 
especially those that are particularly carbon-intensive. 

Pursue Cooperative GovernmentAndustry 
Technology Strategies 

The final class of strategies would attempt to create dra- 
matic changes in automotive technologies, changes that 
could greatly alter the economy of fuel consumption or the 
types of fuels used. 

Parfnership for a New Generation of Vehicles (PNGV) 

A particular, ongoing example of such strategies is the 
Partnership for a New Generation of Vehicles (PNGV) pro- 
gram, a private-public research partnership that conducts 
precompetitive research on new vehicle technologies. One 
of its goals is to create marketable passenger cars with fuel 
economy up to 80 mpg. 

Technology Incentives 

The government could provide tax or other incentives to 
manufacturers or consumers for vehicles that embody new 
high-efficiency technology. Such incentives would encour- 
age manufacturers to pursue advanced technology research 
and to bring those new technologies to market and would 
encourage consumers to purchase vehicles that use them. 

MORE COMPLETE DESCRIPTIONS 
OF THE ALTERNATIVES 

Retain the Basic CAFE Structure 

percent of the new vehicle market. However, as one observer 
noted, “the 1970s working definition distinction between a 
car for personal use and a truck for work uselcargo transport, 
has broken down, initially with minivans, and more recently 
with sport utility vehicles and other ‘cross-over’ vehicles that 
may be designed for peak use but which are actually used 
almost exclusively for personal transport.”” 

The carhruck distinction bears critically on fuel economy 
considerations. Trucks are allowed to meet a lower CAFE 
standard, 20.7 mpg versus 27.5 mpg for cars, and their mar- 
ket share has increased enormously. Vehicles classed as 
light-duty trucks now account for about half the total new 
vehicle market. The cadtruck distinction has been stretched 
well beyond its original purpose. For example, the PT 
Cruiser, a small SUV that can carry only four passengers and 
cannot tow a trailer, is considered a truck, while a large se- 
dan that can carry six passengers while towing a trailer is 
considered a car. 

Two kinds of change might alleviate these problems: 

Redefine the criteria determining whether a vehicle is 
classified as a car or a truck or 
Sharply reduce the economic incentives for manufac- 
turers to classify their vehicles as trucks. 

Fuel economy regulators might tighten the definition of 
a truck. The Environmental Protection Agency @PA) has 
already done so: for example, it classifies the PT Cruiser as 
a car for purposes of the emissions standards. EPA and the 
National Highway Traffic Safety Administration (NHTSA) 
have considerable regulatory discretion to implement such 
changes after a rulemaking process. 

The economic incentives for manufacturers to classify 
their vehicles as trucks come from both the CAFE standards 
and the gas guzzler tax. Because CAFE standards require 
much greater fuel economy for cars than for trucks and be- 
cause they impose a binding constraint on manufacturers, 
CAFE standards create a strong incentive to make design 
changes in vehicles that allow them to be classified as trucks, 
whenever such changes are possible at modest cost. (For 
example, the PT Cruiser was designed with removable rear 
seats, which allows it to be classified as a truck.) 

Reductions in the differential between CAFE standards 
for trucks and standards for cars would therefore reduce these 
economic incentives. At one extreme, eliminating the differ- 

Classification of Vehicles 
”J. Alston, EPA, Letter to the committee dated April 16, 2001. When CAFE regulations were originally formulated, dif- 
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entia1 between truck and car CAFE standards would elimi- 
nate all CAFE-derived incentives for manufacturers to have 
vehicles classified as trucks.12 This is the approach EPA will 
use for emission standards: beginning in 2009, it will treat 
light-duty trucks the same as it treats cars under the Tier 2 
emission reg~1ations.l~ 

In addition, the gas guzzler tax, discussed in Chapter 2, im- 
poses a large tax on passenger cars but not on trucks. For ex- 
ample, a passenger car with a fuel economy of 20 mpg would 
face a gas guzzler tax of $1 ,OOO, while a truck with similar fuel 
economy would face no tax. At 12 mpg, the tax on a car wouId 
be $7,000. This tax provides a large financial incentive to de- 
sign any vehicle expected to have low fuel economy in such a 
way as to assure that it will be classified as a truck, so that 
reducing or eliminating the tax would likewise reduce the in- 
centive to ensure that vehicles are classified as trucks. 

The distinction between cars and trucks extends to the 
processes for determining fuel economy standards. CAFE 
standards for passenger cars are set legislatively, with a long 
time horizon. CAFE standards for trucks are set by rule- 

. making within NHTSA, with shorter time horizons. Integra- 
tion of the processes, so that trucks and passenger cars are 
subject to equivalent processes and equivalent time horizons 
for regulatory decision making, might lead to more consis- 
tency of treatment among vehicle types. 

A related problem involves flexible-fuel vehicles. In cal- 
culating new car fuel economy for CAFE compliance pur- 
poses, a flexible-fuel vehicle is currently deemed to have a 
fuel economy 1.74 times as high as its actual fuel economy, 
with a 1.2 mpg maximum total increase per manufacturer 
from this flexible-fuel vehicle adjustment. This adjustment 
is based on a legislative assumption that 50 percent of the 
fuel such vehicles use would, on average, be E85, including 
only 15 percent petr01eum.I~ 

However, few of these vehicles ever use any fuel other 
than gasoline. Estimates from the Energy Information Ad- 
ministration (EIA) suggest15 that for 1999, there were 
725,000 vehicles capable of using E85, but only 3.1 percent 
of them were using any E85 at all. Total E85 consumption in 
1999 was 2 million gallons, or only 92 gallons for each of 
the 3.1 percent of the.vehicles using some E85 (EIA, 2001). 
Therefore, it is likely that even these vehicles were using 
E85 for less than 25 percent of their fuel requirements. In 
total, less than 1 percent of the fuel used in these vehicles 
seems to be E85, and more than 99 percent seems to be gaso- 

I2This statement is not a recommendation that the standards for trucks be 
made identical to those for passenger cars, rather a simple observation about 
the incentives that are created by the differential nature of these standards. 

13The bin structure of Tier 2 emissions standards provides more flexibil- 
ity for manufacturers to meet the standards, but the requirements are identi- 
cal for passenger cars and light-duty trucks. 

14E85 consists of 85 percent ethanol and 15 percent gasoline. 
15The data appear online at <http://www.eia.doe.gov/cneaf/alternate/ 

page/datatables/atfl- 13-00.htmb. 
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line. Thus, the current incentives to produce such vehicles 
lead to increased costs and lower fleet fuel economy without 
corresponding benefits. 

Distinction Between Domestic and Imported Passenger Cars 

Current CAFE regulations make a distinction between 
domestic and imported passenger cars. The distinction is 
based on the proportion of the car that is manufactured in the 
United States; an import is defined as a car with less than 75 
percent domestically produced content. Imports and domes- 
tically produced vehicles constitute two separate car fleets 
under CAFE regulations. Under these regulations the do- 
mestic fleet and the import fleet of passenger cars must sepa- 
rately meet the same 27.5 mpg standard. There is no such 
rule for trucks. 

The two-fleet rule was added to the original CAFE legis- 
lation to protect domestic employment. There was a concern 
that U.S. manufacturers might decide to import their small 
cars rather than continue to make them in the United States, 
with a resultant loss of jobs. At one time the two-fleet rule 
made it impossible for the Big Three to increase imports to 
help meet their domestic fleet CAFE obligations. 

Over time, however, foreign manufacturers have moved 
production to the United States. Now the two-fleet rule can 
just as well provide incentives for manufacturers to reduce 
domestic production and increase import production to help 
meet CAFE obligations. In addition, under the North Ameri- 
can Free Trade Agreement (NAFTA), manufacturers can 
count vehicles produced in Canada as part of their domestic 
fleet and will soon be able to count those produced in Mex- 
ico. Thus it appears to the committee that the two-fleet rule 
no longer serves to protect U.S. employment. 

Presentations to the committee during its open meetings 
noted that the rule produces perverse results and increases 
costs. For example, representatives of American Honda 
Motors testified that Honda ships Accords from Japan to as- 
sure that Honda Accords are classified as an import under 
CAFE. Reporting on the testimony on March 19, 2001, in 
Automotive News, Stoffer (2001) wrote as follows: 

“Last year, by selling about 87,000 Japan-built Accords, to 
go with the 317,000 built in Ohio, Honda was able to keep 
the average domestic content of the whole model line below 
the cutoff point of 75 percent,” Honda spokesman Art Gar- 
ner said. That means the Accord remains classified an im- 
port model line and helps Honda keep the average fuel 
economy of its imported fleet comfortably above the 27.5 
mpg standard. Without the more efficient Accord, the im- 
ported fleet would consist entirely of the more performance- 
oriented Acuras and the Honda Prelude. 

A second example was discussed in the same Automotive 
News story: “In the early 1990s, Ford Motor Co. intention- 
ally reduced domestic content of the Crown Victoria and 
Grand Marquis because of CAFE.” 

http://www.eia.doe.gov/cneaf/alternate
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The United Auto Workers (UAW) union stated during 
the committee's open meetings that it supports continuation 
of the two-fleet rule and indicated it believes the rule contin- 
ues to protect American jobs. In response to UAW commu- 
nications, the committee sought to identify research or analy- 
sis that tends to validate that position but could not find any. 
It is possible that the rule provides some protection for exist- 
ing jobs, but it appears likely that removing it would have 
little industrywide impact. Since the two-fleet rule increases 
costs to consumers, the committee believes it is no longer 
justifiable and should be eliminated. 

Restructure Fuel Economy Regulations 

Tradable Fuel Economy Credits 

The existing CAFE system already allows a manufacturer 
to accumulate CAFE credits if its fleet mix exceeds the stan- 
dard. These credits may be carried forward and used to off- 
set future CAFE deficits by the same manufacturer. The idea 
of tradable fuel economy credits (tradable credits, for short) 
carries this flexibility one step further: Manufacturers could 
also be allowed to sell and buy credits among themselves or 
to buy credits from the government. 

Under this system, fuel economy targets would be set, 
either uniform targets as in the current CAFE system, or at- 
tribute-based targets, as discussed below. Each manufacturer 
would be required either to meet these targets or to acquire 
sufficient credits to make up the deficit. The credits could be 
purchased from the government or from other automobile 
manufacturers. A manufacturer whose new vehicle fleet had 
greater fuel economy than the overall target would acquire 
credits. These credits could be saved for anticipated later 
deficits or could be sold to other manufacturers. Credits 
would be equal to the difference between the projected gaso- 
line use over the life of the vehicle, using a legislatively 
deemed total lifetime vehicle miles, and the projected life- 
time gasoline use of vehicles just meeting the target. 

As an example, assume that a uniform target for cars of 
30 mpg is legislated and the vehicle lifetime is deemed to be 
150,000 miles. This implies a lifetime target fuel consump- 
tion of 5,000 galhehicle (150,000 miles; 30 mpg). A 
manufacturer that sold 1 million cars with an average ex- 
pected lifetime fuel consumption of 4,500 gal each (33.33 
mpg) would acquire 500 credits per car for each of 1 million 
cars, or 500 million credits. A manufacturer that sold 1 mil- 
lion cars with an average expected lifetime fuel consump- 
tion of 5,500 gal each (27.27 mpg) would need to purchase 
500 million credits. 

The government would assure that prices for tradable 
credits would not exceed some ceiling price by offering to 
sell credits to any manufacturer at some predetermined offer 
price. The offer price could be set equal to the estimated 
external costs per gallon of gasoline use.16 If external costs 
(e.g., greenhouse gas emissions and international oil market) 

are estimated to be $0.26/gal, the government would offer to 
sell credits at a price of $0.26 per 1-gallon credit. 

The availability of credits from the government is impor- 
tant because it represents a safety valve preventing exces- 
sive costs to manufacturers (and consumers) in the event that 
unforeseen market changes or errors in setting targets make 
attaining the target more costly than originally pr~jec ted . '~  
The market-clearing price of tradable credits would never 
exceed the government offer price, because a buyer of cred- 
its could always turn to the government if the price of credits 
were above the government offer price. 

Suppose the marginal cost of reducing gasoline use 
enough to meet the target was greater than the sum of the 
gasoline price plus the market price of credits: Manufactur- 
ers could buy credits without being forced to install overly 
expensive technology or to make changes to vehicle at- 
tributes that could damage sales. Conversely, if the marginal 
cost of reducing gasoline use to meet the fuel economy tar- 
get was less than the sum of gasoline price plus market price 
of credits, the manufacturer would choose to make changes 
necessary to meet or to exceed the fuel economy target. Since 
the decisions would be made by and the resulting financial 
costs borne by the manufacturer, the manufacturer would 
have a motivation to correctly estimate the costs of fuel 
economy increases. Under this system, the manufacturer 
could respond to automotive market conditions but would 
still have an enhanced incentive to increase fuel economy. 

In cornparison with the current CAFE system, a tradable 
credits system would increase the range of options available 
to manufacturers. Currently, manufacturers have two op- 
tions: They can meet the standards or they can pay the gov- 
ernment a civil penalty.lB Under a system of tradable fuel 
economy credits, manufacturers would have more options: 
They could meet the targets, they could pay the government 
for credits, or they could purchase credits from other manu- 
facturers. They would be free to choose. 

Similarly, in comparison with the current CAFE system, 
a tradable credits system would increase the range of attrac- 
tive options available to manufacturers whose fuel economy 
exceeds the target. Under CAFE, such manufacturers have 
no incentives to further increase fuel economy. But under a 
tradable fuel economy credits system, they would have the 
option of further increasing fuel economy and receiving ad- 
ditional credits that they could sell to other manufacturers. 

I6Applying this rule and using a reasonably accurate estimate of the life- 
time miles of vehicles is economically efficient as long as the external cost 
per gallon of gasoline use during the future vehicle life has the same value 
for current decision making as the estimate of external costs used for the 
regulation. 

"In addition, the safety valve limits the exercise of market power in the 
market for tradable fuel economy credits. Such market power could other- 
wise become an important problem if only a very small number of rnanufac- 
turers were selling tradable credits. 

IBThe penalty is currently $5.50 for every 0.1 rnpg by which the manu- 
facturer misses the standard. 
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The tradable credits system would have another advan- 
tage, especially if the sales price of tradable credits were 
made public. l9  Debates about environmental standards usu- 
ally involve disputes about implementation cost: Those fa- 
voring regulation contend that the standards will be cheap to 
implement, while manufacturers contend that the standards 
will be too expensive. The sales price of credits will reflect 
the marginal costs of fuel economy improvements, since 
manufacturers can be expected to increase fuel economy to 
the point at which the marginal cost of fuel savings equals 
the sum of gasoline price plus the market price of tradable 
credits. 

It should be noted that a similar tradable credits scheme 
has been used for some time in the electrical power industry 
to reduce sulfur emissions.20 There is general agreement that 
tradable credits have been highly successful: They have re- 
duced the economic cost of compliance, and they have 
reached the achieved environmental goals. 

Feebates 

Like tradable fuel economy credits, a feebate system2’ is 
an incentive mechanism that can be used with almost any 
method of specifying fuel economy targets. Under a feebate 
system, target fuel economies would be set, either uniform 
targets or attribute-based targets. Fees would be imposed on 
new vehicles with mpg’s lower than the target; the lower the 
mpg, the greater the fee. Rebates would be provided to manu- 
facturers of new vehicles with mpg’s above the target. These 
fees and rebates would be aggregated across all vehicles sold 
by a single manufacturer, which would receive, or make, a 
single payment. 

Feebates could be designed to be revenue neutral, with 
fee revenues and rebates balancing each other. However, 
actual revenue neutrality would depend on the accuracy of 
sales forecasts. If it proves inexpensive to increase fuel 
economy and manufacturers greatly exceed the targets, there 
would be a net payment from the government to the auto- 
motive industry. Conversely, if it is very costly to increase 
fuel economy and manufacturers fall well short of the tar- 
gets, there would be a net payment from the industry to the 
government. 

Like tradable credits, feebates would provide direct in- 
centives for all manufacturers to increase the fuel economy 

19Regulations could be established that require the prices of credits to be 
made public. Absent such regulations, manufacturers might include confi- 
dentiality provisions in their agreements to buy or sell credits. 

20The tradable fuel economy credits system would differ from tradable 
credits for sulfur emissions in that the proposed system includes a safety 
valve, whereas the suIfur emissions system does not. One reason for the 
difference is that exercise of market power for sulfur emissions credits is 
much less likely than would be the case for tradable fuel economy credits. 

ZIFor a more comprehensive study on feebates, see Davis et al. (1995). 
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of their vehicles.22 However, unlike the tradable credits sys- 
tem, particular fees and rebates would always be determined 
by legislation and would not be influenced by market 
conditions. 

Attribute-Based Targets 

Figure 5-1 illustrates the principles behind the current 
CAFE standards. Each dot represents a specific passenger 
car model-for example, the four-cylinder Accord and the 
six-cylinder Accord are separate dots. Only those car models 
that sold at least 1,000 vehicles per year in the United States 
are shown. The vertical axis shows fuel consumption mea- 
sured not in miles per gallon but in the amount of gasoline 
each car needs to travel 100 miles-for example, 25 mpg 
implies 4.0 gallons to drive 100 miles. The dark horizontal 
line shows the current CAFE standards: It is placed at 27.5 
mpg, which is 3.64 gallons per 100 miles on the vertical 
axis. 

The horizontal axis shows the weight of the car. Cars on 
the right-hand end weigh more and consume more fuel: They 
are above the dark CAFE line, which means they are con- 
suming more fuel than the average allowed by the standards. 
To get back into compliance, a manufacturer that sells heavy 
cars must also sell some light cars-the left-hand end of the 
graph. Those cars consume less fuel than the standard. If the 
manufacturer sells enough light cars, it can produce a fleet 
average that complies with the CAFE standard of 27.5 mpg. 

When the CAFE standards were first implemented, the 
average car was considerably heavier than today’s cars. To 
comply with the new standard, manufacturers had a consid- 
erable incentive to downweight their very largest cars, to 
produce more small cars, and to encourage consumers to 
buy those small cars. Thus one effect of CAFE was to reduce 
the average weight of cars, and this had an undesirabIe side 
effect on safety. 

There were also equity effects across manufacturers. 
Some manufacturers had a product mix that emphasized 
small and medium-weight cars-these manufacturers found 
it cheap and easy to meet the CAFE standards. Other manu- 
facturers were producing a mix that was more toward the 
right-hand end of the curve-those manufacturers had to 
spend a considerable amount of money to develop and sell 
lighter cars so they could create enough CAFE credits to 
bring them into compliance with the standards. 

These problems arise because the CAFE standards hold 
all cars to the same fuel economy target regardless of their 
weight, size, or load-carrying capacity. This suggests that 

=There is a duality between feebates and tradable credits; if the targets 
are identical, the feebate system is linear with respect to deviations in fuel 
consumption rates from the targets, and the average fuel consumption rates 
are above the average target. In this case, feebates and tradable credits have 
identical incentives. They differ from each other if the average fuel con- 
sumption rates are below the average targets. 
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FIGURE 5-1 The operation of the current CAFE standards: pas- 
sengers cars, gasoline engines only, 1999. 

consideration should be given to developing a new system of 
fuel economy targets that responds to differences in vehicle 
attributes. For example, the standards might be based on 
some vehicle attribute such as weight, size, or load. If such 
attribute-based targets were adopted, a manufacturer would 
still be allowed to average across all its new vehicle sales. 
But each manufacturer would have a different target, one 
that depended upon the average size of the criterion attribute, 
given the mix of vehicles it sold.23 

A tradable fuel economy credits system, as described 
above, could be implemented in combination with the 
attribute-based targets. The choice of method for setting ve- 
hicle economy targets could be separate from choice of in- 
centives to meet targets. 

In the current fleet, size, weight, and load-carrying capac- 
ity are highly correlated: large cars tend to be heavier, to 
have room for more people, and to have more trunk capacity 
than small cars. Choice of a particular attribute as the basis 
for CAFE measurement will result in incentives for engi- 
neers to design vehicles with new combinations of the at- 
tributes and to respond to incentives by further varying that 
particular attribute. 

An attribute-based system might use vehicle weight as 
the criterion. The dashed, upward sloping line in Figure 5- 1 
shows the average relationship between vehicle weight and 

Uniform fercenfaae Increases 

fuel consumption. A weight-based CAFE system would use 
that upward sloping line as its target rather than the current 
horizontal line.24 

While a weight-based CAFE system has a number of at- 
tractive features, it also has one major disadvantage: It re- 
moves incentives to reduce vehicle weight. Judging by re- 
cent weight and profit trends, it seems likely the result would 
be an increase in the proportion of very large vehicles, which 
could cause safety problems as the variance in weight among 
vehicles increased. It could also cause an increase in fleet- 
wide fuel consumption. (These issues are discussed at more 
length in Attachment SA.) 

Figure 5-2 illustrates an alternative that combines most of 
the desirable features of the current CAFE standards and the 
weight-based standard. The target for vehicles lighter than a 
particular weight (here, 3,500 lb) would be proportional to 
their weight (e.g., the dashed line in Figure 5-1). But to safe- 
guard against weight increases in heavier vehicles, the target 
line turns horizontal. Cars heavier than this weight would be 
required to meet a target that is independent of their weight. 
(The details of positioning the lines are discussed in Attach- 
ment 5A). 

These targets provide a strong incentive for manufactur- 
ers to decrease the weight of heavier cars-and even a small 
incentive to increase the weight of the lightest cars. The 
safety data suggest that the combined effect would be to en- 
hance traffic safety. Accordingly, the committee has named 
it the Enhanced-CAFE standard (E-CAFE). The Enhanced- 
CAFE standard may be calibrated separately for cars and for 
trucks, or it is possible to create a single standard that applies 
to both types of vehicles, thereby removing the kinds of 
manipulation possible under the current dual classification 
system. 

The committee views the Enhanced-CAFE system as a 
serious alternative to the current CAFE system. It holds real 
promise for alleviating many of the problems with the cur- 
rent regulations. Attachment 5A presents a full description 
and analysis. 

Another possible change would be to require each manu- 
facturer to improve its own CAFE average by some target, 
say 10 percent; this is often referred to as the uniform per- 
centage increase (UPI) standard. Thus, a manufacturer that 
was now right at the 27.5 mpg CAFE standard would have to 
improve its performance to 30.25 mpg. A manufacturer that 

24These possible weight-based targets do not begin to exhaust the possi- 
bilities. Many alternative weight-based targets could be designed, or the 
targets could be based on load-carrying capacity, interior volume, exterior 
volume, other utility-related attributes, or a combination of these variables 
(e.g., weight and cargo capacity). The committee did not t y  to identify and 
analyze all such possibilities--that would have been well beyond the scope 
of this study. 

23The manufacturer could average actual gallons per mile and compare 
that average with the average of target gallons per mile. Alternatively, the 
manufacturer could average deviations, plus and minus, between actual 
gallons per mile and target gallons per mile. Whether averaging is done first 
and deviation calculated second or deviations are calculated first and aver- 
aging is done second is mathematically irrelevant. 
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RGURE 5-2 Fuel economy targets under the Enhanced-CAFE sys- 
tem: cars with gasoline engines, 1999. 

was exceeding the current standard at, say, 33 mpg would 
have to improve its perfonnance to 36.3 mpg. 

The UP1 system would impose higher burdens on those 
manufacturers who had already done the most to help reduce 
energy consumption. The peer-reviewed literature on envi- 
ronmental economics has consistently opposed this form of 
regulation: It is generally the most costly way to meet an 
environmental standard; it locks manufacturers into their 
relative positions, thus inhibiting competition; it rewards 
those who have been slow to comply with regulations; it 
punishes those who have done the most to help the environ- 
ment; and it seems to convey a moral lesson that it is better 
to lag than to lead. 

In addition to fairness issues, the change would not elimi- 
nate the problems of the current CAFE system but would 
create new ones. Implementation of such rules provides 
strong incentives for manufacturers to not exceed regulatory 
standards for fear that improvements will lead to tighter regu- 
lations. Thus, such rules tend to create beliefs counterpro- 
ductive for longer-term goals. 

Adopt Energy Demand-Reduction Policies 

Several dternatives would be aimed more broadly at re- 
ducing total gasoline consumption or at reducing all fossil 
fuel consumption, not simply at reducing the per-mile gaso- 
line consumption of new vehicles. Alternatives include gaso- 
line taxes, carbon taxes, and a carbon cap-and-trade system. 
Either gasoline taxes or carbon tradinghaxes might be part 
of a comprehensive national energy policy. If these more 
broadly based policies were implemented, pdicies aimed 
directly at fuel economy of new cars might be used along 
with the broadly based policies, or they could be used in 
place of one another. 

The committee did not devote much time to discussing 
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carbon trading, carbon taxes, and fuel taxes. This does not 
imply that it considers these options to be ineffective or in- 
appropriate. In fact, such policies could have a much larger 
short-term and mid-term effect on fuel consumption and 
greenhouse gas emissions than any of the other policies dis- 
cussed in this report. The committee did not address these 
policies comprehensively because they were not part of its 
charge; instead, it presents here a basic, though incomplete, 
discussion of these options. 

Gasoline Taxes 

One alternative, addressed directly at gasoline use, would 
be an increase in the federal excise tax on gasoline from its 
current level of $0. ~ 4 / g a 1 . ~ ~  Every $O.lO/gal increase in the 
gasoline tax would increase the price of gasoline by almost 
as much.26 

Increasing the gasoline tax would encourage consumers 
to drive more efficient vehicles. This would indirectly pro- 
vide incentives to the manufacturers to increase the fuel effi- 
ciency of their vehicles. In addition, a gasoline tax would 
have an immediate broad impact on gasoline consumption: 
It would encourage consumers not only to buy more effi- 
cient new vehicles but also to drive all vehicles less. If the 
policy goal is to reduce gasoline consumption and the envi- 
ronmental and oil market impacts of gasoline consumption, 
then a gasoline tax increase would broadly respond to that 
goal. 

Gasoline taxes, however, have faced significant opposi- 
tion. Critics point out that gasoline taxes fall particularly hard 
on rural families and those in more remote locations, where 
long-distance driving is a normal part of life. It is often as- 
serted that gasoline taxes are regressive and impact the low- 
est income families the most, even though urban poor and 
wealthy people typically spend a smaller portion of their in- 
come on gasoline than do middle-cIass families. If the fed- 
eral gasoline tax were increased, Congress could make the 
tax revenue neutral or could take other measures to ensure 
that the change would not cause undue harm. 

Carbon Taxes/Carbon Cap-and-Trade Systems 

To address problems of global greenhouse gas release, 
the United States could (1) impose a carbon tax or (2)  adopt 
a carbon cap-and-trade system, under which the total annual 
emissions of carbon dioxide would be capped or limited to 
some policy-determined Ievel. 

In a system of carbon taxes, each fossil fuel would be 

=In addition, state excise taxes average $0.20/gal, according to the En- 
ergy Information Administration (2000). 

26The price of gasoline would increase by slightly less than the increase 
in the gasoline fax because the imposition of the tax would reduce oil de- 
mand, which in turn would reduce crude oil price and would reduce the per- 
gallon earnings of refiners and marketers. However, the price and earnings 
reductions would be small. 
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taxed, with the tax in proportion to the amount of carbon (or 
CO,) released in its combustion. Thus, coal would have the 
highest tax per unit of energy, petroleum and petroleum prod- 
ucts would have a lower tax, and natural gas would have the 
lowest tax. 

In a carbon cap-and-trade system, an energy-producing 
or -importing firm would be required to possess carbon 
credits equal to the amount of carbon emitted from its prod- 
u c t ~ . ~ '  A limit would be set on the overall U.S. emissions 
of CO, or of greenhouse gases. Credits could be auctioned 
off to firms or could be given to firms in proportion to their 
historical sales of products, and these rights would be trad- 
able among firms. Either way, the price of energy would 
increase, with the increases on a fuel-by-fuel basis roughly 
in proportion to the amount of CO, released from combus- 
tion of the fuels.28 

A carbon tax, or carbon cap-and-trade system, would have 
all the advantages of a gasoline tax, and it would extend 
them to other sectors as well: The rise in power costs would 
encourage consumers to buy more efficient furnaces, air con- 
ditioners, and appliances and would encourage them to use 
their existing furnaces, air conditioners, and appliances more 
efficiently. Carbon taxes or trading would provide a broad- 
based incentive to use less of all fossil fuels, especially those 
that are particularly carbon-intensive, extending the principle 
of "least cost" to the entire economy. Implementing such 
a plan would prevent one energy-using sector from hav- 
ing marginal costs of carbon reduction grossly out of line 
with those of the other sectors and thus would be an eco- 
nomically efficient means of promoting the reduction of car- 
bon emissions. 

Pursue Cooperative Government/lndustry Technology 
Strategies 

The final class of strategies would attempt to advance 
technologies that create dramatic changes in available auto- 
motive technologies, changes that could, for the indefinite 
future, greatly alter fuel economy or types of fuels used. The 
committee has not evaluated these technology incentive 
strategies (such an evaluation is beyond the scope of its 
charge), but it believes such strategies would best be viewed 
as complementary to the other policy directions, at least once 
major technological successes had been achieved: A suc- 
cessful technology strategy could greatly reduce the costs of 
increasing fuel economy. However, in the near term, aggres- 
sive requirements to increase fuel economy could divert 
R&D expenditures away from such technology development 
efforts and could lead to short-term modest increases in fuel 

*'See, for example, Kopp et al. (2000). 
'8Since all prices would further adjust in response to the changing de- 

mand conditions, the final equilibrium price increases would not be exactly 
in proportion to the amount of CO, released but would depend on the vari- 
ous supply and demand elasticities. 

economy at the expense of long-term, dramatic reductions in 
fuel use. 

Partnership for a New Generation of Vehicles 

A particular ongoing example of such strategies is the 
Partnership for a New Generation of Vehicles (PNGV) pro- 
gram. PNGV is a private-public research partnership that 
conducts precompetitive research directed at new automo- 
tive technology. One of its goals is to create marketable pas- 
senger cars with fuel economies up to 80 mpg. Each partici- 
pating company has developed a concept car that would 
approach the fuel economy goal but that, because of the re- 
maining technological challenges and high production costs, 
is unlikely to be marketable in the near term. This program 
has led to advances in technologies such as compression ig- 
nition engines, hybrid vehicles, batteries, fuel cells, light 
engine and vehicle body materials, and advanced drive trains. 

Technology Incentives 

During the committee's open information-gathering meet- 
ings, representatives of the automobile manufacturers pro- 
posed that the government provide tax credits to consumers 
who purchase vehicles that embody new, high-efficiency 
technology, especially hybrid electric vehicles. Such rebates 
would strengthen incentives for manufacturers to pursue ad- 
vanced technology research and then bring those new tech- 
nologies to market and for consumers to buy these products. 
However, the committee has not evaluated the particular 
policy instruments; that evaluation is beyond the scope of 
this study. 

ANALYSIS OF ALTERNATIVES 

Dimensions for Assessing Alternatives 

In analyzing the alternatives to CAFE, it is important to 
assess several issues associated with each particular policy 
instrument as well as the trade-offs among these issues: 

Fuel use responses encouraged by the policy, 
Effectiveness in reducing fuel use, 
Minimizing costs of fuel use reduction, 
Other potential consequences 
-Distributional impacts 
-Safety 
-Consumer satisfaction 
-Mobility 
-Environment 
-Potential inequities, and 
Administrative feasibility. 

These are discussed in varying depth below. 
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Alternative Policies and Incentives for Fuel Use Responses gested times, relative usage frequency of various ve- 

Average Weight 

The various policy measures encourage at least seven 
quite different fuel use responses. The measures differ in 
terms of which possible responses they will motivate: those 
related to the fuel economy of new vehicles, to the usage of 
vehicles, or to fleet turnover. 

Three fuel use responses are directly related to the fuel 
economy of new vehicles: One possible fuel use response is directly related to ve- 

hicle fleet turnover: The number of cars sold in each weight class deter- 

Performance 

hicles, speed. Such adjustment possibilities are re- 
ferred to as “existing vehicle use.’’ 
Maintenance of existing vehicles can influence fuel 
use. All else equal, a well-maintained vehicle will use 
less fuel. This adjustment is referred to as “vehicle 
maintenance.” 

Current CAFE. with or without two-fleet 

CAFE with reformed cadtruck 

Current CAFE targets with tradable credits 
Current CAFE but with E-CAFE weight- 

Tradable credits E-CAFE weight-based 

UP1 for each manufacturer 
Feebates 
Carbon tawed carbon trading 
Gasoline taxes 

rule 

differentiation 

based targets 

targets 

mines the average weight of the new vehicle fleet. All 
else equal, lighter vehicles use less fuel. This adjust- 
ment is referred to as “weight.” 
Engine power, other performance characteristics, and 
vehicle utility can vary. All else equal, greater perfor- 
mance implies more fuel consumed. This adjustment 
is referred to as “performance.” 

Decrease weight 

Reduce weight of 
heavy vehicles; 
increase weight of 
light vehicles 

Decrease weight 

The rate of retirement of older, generally less fuel- 
efficient vehicles influences the rate at which the over- 
all fuel economy of the vehicle fleet changes, espe- 
cially if new vehicles are more fuel-efficient than old 
vehicles. This adjustment is referred to as “vehicle 
retirements.” 

More energy-efficient technologies can be incorpo- 
rated into the engine, drive train, tires, and body struc- Effectiveness in Reducing Fuel Use 
ture, often at increased costs, to reduce fuel use with- 
out changing weight or performance. This adjustment 
is referred to as “technology.” 

The various policy instruments differ in which responses 
they motivate and therefore differ in terms of their effective- 
ness in reducing fuel use. Table 5-1 summarizes fuel use - 
responses caused by various policy instruments. It provides 
a very rough indication of whether a particular policy instru- 
ment would lead to a larger adjustment than would other 

Three fuel use responses are directly related to the usage 
of vehicles: 

The total vehicle miles traveled (VMT) by the entire 
fleet of vehicles-new and old-is fundamental to fuel 
consumption. All else equal, fuel consumption is di- 
rectly proportional to total VMT. This adjustment is 
referred to as “VMT.” 
Driving patterns can be altered-driving during con- 

instruments. Each cell of the table indicates changes relative 
to what would be the case absent the particular policy being 
considered, with all else held equal. It should be noted that 
for these comparisons, the magnitude of responses associ- 
ated with any particular policy instrument depends on how 
aggressively that instrument is implemented-the severity 

TABLE 5-1 Incentives of the Various Policy Instruments for Seven Types of Fuel Use Response 

Fuel Use Adjustment 
Policy Instrument 

Reduce 
performance 

Technology 
~ 

Incorporate 
more fuel- 
efficient 
technology 

VMT 

Small 
increase 
in VMT 

Decreasc 
in VMT 

Existing 
Vehicle Use 

No impact on 
existing 
vehicle use 

~ 

Shift to reduce 
fuel use 

Vehicle 
Maintenanci 

No impact 
on vehicle 
maintenancf 

Improve 
maintenance 
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and speed of the intervention-and on the choices the manu- 
facturers and the consumers make in responding to the imple- 
mentation. Table 5- 1 incorporates an assumption that sever- 
ity and implementation speed of the interventions are similar 
for each instrument. 

Table 5-1 indicates that neither CAFE nor the alternative 
instruments directed at fuel economy (feebates, tradable 
credits, weight-based targets, tradable credits with weight- 
based targets, UP1 for each manufacturer) have any signifi- 
cant gasoline-reducing impacts through VMT, existing ve- 
hicle use, vehicle maintenance, or old vehicle retirements. 
Only the two broad-based demand reduction policies- 
carbon taxedtrading or gasoline taxes-provide incentives 
for people to drive less, to use their more fuel-efficient ve- 
hicle when possible, to maintain existing vehicles, or to re- 
tire old fuel-inefficient vehicles. 

Any of the instruments directed toward new car fuel 
economy would result in small increases in VMT, usually 
referred to as the rebound effect, because increasing the fuel 
economy of new vehicles decreases the variable cost per mile 
of driving, encouraging consumers to drive more. As dis- 
cussed in Chapter 2, empirical studies suggest that every 10 
percent increase in gasoline price leads to a 1 or 2 percent 
reduction in vehicle miles. Similarly, a 10 percent increase 
in fleet economy can be expected to lead to a 1 or 2 percent 
increase in VMT. The net impact would be an 8 or 9 percent 
reduction in fuel use for every 10 percent increase in fuel 
economy of the entire vehicle fleet. 

Table 5-1 indicates that all the policy instruments will 
motivate changes in technology that reduce gasoline use, and 
they all motivate reductions in performance. Each instru- 
ment, other than those including proportionate weight-based 
targets, may reduce fuel use through reductions in the aver- 
age vehicle weight. Proportionate weight-based targets, on 
the other hand, are unlikely to motivate weight reductions, 
since reducing vehicle weights would not bring the manu- 
facturer closer to the targets. 

The broad demand-reduction policies differ from the 
other policies in the way they motivate changes in weight, 
power, and technology. CAFE and the alternative instru- 
ments directed at fuel economy are felt directly by the manu- 
facturer and give it a direct incentive to offer lighter, lower- 
performance cars with more energy-efficient technologies. 
Gasoline taxes and carbon taxes motivate consumers to 
shift their new vehicle purchases, directing them toward 
lighter, lower-performance cars with more energy-efficient 
technologies, which, in turn, provides a stimulus to the 
manufacturers. 

In principle, a direct incentive for manufacturers to sell 
vehicles with increased fuel economy and an equally strong 
incentive for consumers to buy vehicles with increased fuel 
economy should have similar fuel economy impacts. Manu- 
facturers would change the characteristics of their vehicles 
in anticipation of changes in consumer choices caused by 
higher fuel taxes. Manufacturers facing a direct incentive 

would respond to that incentive and would pass the financial 
incentives on to the consumers, who would modify their 
choice of vehicles. 

In practice, however, considerable uncertainty is involved 
in calibrating a gasoline tax or carbon tax so that it would 
have the same impact as a direct incentive for manufactur- 
ers. If consumers discounted future gasoline costs over the 
entire vehicle life, using identical discount rates, a gasoline 
tax and a direct manufacturer incentive would change fuel 
economy to the same extent if the manufacturer incentive 
were equal to the discounted present value of the gasoline- 
tax incentive. However, if some new vehicle buyers count, 
say, only 3 years of gasoline costs, the discounted present 
value of the gasoline tax cost over 3 years would provide an 
equivalent manufacturer incentive. The results of the two 
calculations differ by a factor between two and four, depend- 
ing on the discount rate used,29 so there is significant uncer- 
tainty about how large a gasoline tax would, in fact, be 
equivalent to a direct manufacturer incentive. 

Minimizing the Costs of Fuel Economy Increases 

A fuel economy policy may produce an increase in manu- 
facturing cost through changes that require more costly ma- 
terials, more complex systems, more control systems, or en- 
tirely different power train configurations. A fuel economy 
policy may also impose nonmonetary costs on consumers 
through reductions in vehicle performance or interior space. 
Performance reductions may make vehicles less attractive 
for towing trailers, for merging quickly onto freeways, or for 
driving in mountainous locations. 

Next, the committee examines whether particular policy 
instruments would minimize the overall cost of whatever fuel 
reductions are achieved. This is a matter both of the structure 
of the policy instruments and of the aggressiveness of policy 
implementation, including the lead time manufacturers have 
to make the requisite adjustments. Also examined is whether 
the policy instruments can be expected to reach an appropri- 
ate balance between higher vehicle costs and the savings 
from reduced gasoline use (including external costs of fuel 
use). 

Each issue of cost-minimizing policy and cost-minimiz- 
ing manufacturer and consumer response can be examined 
based on most likely costs. However, no one has perfect 

29Consider a gasoline tax intended to embody the same incentive as a 
tradable credit with a credit price of $0.26/gal over a 150.000-mile lifetime. 
Under tradable credits, a vehicle with a fuel economy of 25 mpg when the 
standard was 30 mpg would need 150,OOO x [(1/25) - (1/30)] credits, or 
1,000 credits, with a value of $260. Assume the buyer discounts gasoline 
use over only the first 3 years, at a 10 percent discount rate, driving 15,000 
miles per year. A gasoline tax of $1.04/gaI would give a discounted tax 
difference of $260 between a 30-mpg and a 25-mpg car, the same as the 
value of the credits. Thus, for such a consumer, a manufacturer incentive of 
$0.26/gal for each of 150,000 miles is economically equivalent to a $1.04 
gal gasoline tax. 
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knowledge about all costs and no one can predict with confi- 
dence changes in technology or economic conditions. There- 
fore, the discussion focuses on whether various policy in- 
struments allow manufacturers, consumers, and policy 
makers to respond to uncertainty in future conditions. 

This section provides a conceptual framework for exam- 
ining these questions. 

Minimizing the Total Cost of Fixed Economy Increases 

The issue of minimizing the total cost to society of what- 
ever average fuel economy increases are achieved depends 
critically on the observation that vehicles differ significantly 
from one another in size, weight, body type, and features, 
and that some manufacturers offer a full line of such ve- 
hicles and others offer only a limited one. To minimize the 
overall cost to society of a given reduction in fuel use, the 
marginal cost of reducing gasoline use must be the same (or 
approximately the same) across all vehicles.30 Manufactur- 
ers must be able to meet this condition for all vehicles, in- 
cluding domestic and import fleets of one manufacturer. 
Thus, under ideal conditions, policy options should not in- 
duce significant differences in the marginal costs among 
manufacturers. Policies that do induce significant differences 
will not minimize the total cost to society of whatever level 
of average fuel economy increase is achieved. 

Balancing the Costs and Benefits of Reducing Fuel Use 

Two components, private costs (and benefits) and exter- 
naI costs, must be considered when evaluating costs and ben- 
efits of changing fuel use. The private costs of the vehicle 
and its operation, including the fuel costs, can be estimated 
by the new vehicle purchaser through reading magazines, 
government reports, or examining the stickers on the car or 
truck being considered for purchase. It is in the purchaser's 
own interest to take into account these private costs, not just 
for the time he or she expects to own the vehicle but also for 
periods after it is sold as a used vehicle, since the resale 
value can be expected to reflect these gasoline purchase 

'@This equal-marginal-cost rule is easiest to see by considering an out- 
come for which different vehicles had very different marginal costs of re- 
ducing fuel use. For example, assume that the cost for vehicle A of reducing 
lifetime fuel use by 200 gallons is slightly more than $300 for the next 200 
gallons reduction or slightly less than $300 for the previous 200 gallons 
(that is, about $1 .SO/gal) and assume that the cost for vehicle B of reducing 
lifetime fuel use by 200 gallons is slightly more than $500 for the next 200 
gallons or slightly less than $500 for the previous 200 gallons (that is, about 
$2.50/per gal). In that situation, reducing vehicle A lifetime gasoline use by 
200 gallons and increasing vehicle B lifetime gasoline use by 200 gallons 
would not change the total lifetime fuel use for the two cars but would 
reduce total costs by about $200, the difference between the saving for 
vehicle B and the additional cost for vehicle A. 
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costs. The inanufacturer can adequately balance this portion 
of costs against the manufacturing costs of reducing fuel use. 

Accounting for external costs is more difficult. Absent 
policy intervention, it is not in the owner's own interests to 
account for these costs. These costs must be incorporated 
into financial incentives facing consumers or manufacturers 
to balance the costs and benefits of reducing fuel use: The 
efficient policy intervention would require the manufacturer 
or consumer to face a financial incentive that added a cost 
equal to the external marginal cost of additional gasoline 
used. If the incentive were substantially greater than the 
marginal external cost, then the intervention would be too 
severe-the fuel savings would cost more than they were 
worth. If the incentive were substantially smaller than the 
marginal external cost, then the intervention would be too 
weak-the additional fuel savings would cost substantially 
less than they were worth. Thus, given the magnitude of ex- 
ternal costs, one can determine the appropriate severity of 
incentives. 

This task is complicated by the uncertainty facing the 
policy process. Although future gasoline prices can be esti- 
mated, they cannot be predicted with certainty (EIA, 2000). 
Estimates of external costs of gasoline use have wide error 
bands. In addition, estimates of the marginal cost of fuel use 
reductions will remain quite uncertain until these costs are 
engineered into vehicles. Therefore, in evaluating any par- 
ticular policy instrument, it is important to assess how the 
instrument would operate given real-world uncertainties. 

The task is also complicated by the existing gasoline 
taxes. The consumer currently faces $0.38/gal combined 
state and federal excise taxes on gasoline as part of the gaso- 
line price. These taxes are costs from the perspective of the 
consumer but are transfer payments from the perspective of 
the nation. For consumer decisions about how much to drive, 
these gasoline taxes can be seen as user fees covering the 
costs of building and maintaining roads, highways, and as- 
sociated infrastructure and providing services to motorists. 
However, for consumer decisions about fuel economy of new 
vehicIes, the user service interpretation is inappropriate. As 
discussed above, the committee has identified a total exter- 
nal marginal cost associated with the fuel economy of new 
vehicles of about $0.26/gal, based on CO, emissions and 
international oil market impacts. But the price the consumer 
faces in purchasing gasoline already includes an average of 
$0.38/gal, an amount larger than the committee's estimate of 
those external costs that vary with fuel economy of new ve- 
hicles. Thus, if existing gasoline taxes are included, con- 
sumers are already paying tax costs larger than the external 
costs seen as justifying intervention to increase fuel economy 
above the market-determined levels. If existing gasoline 
taxes are excluded, perhaps because they are used primarily 
as a mechanism to collect revenue for states and for the fed- 
eral government, then the $0.26/gal remains as a reason for 
intervening so as to increase fuel economy beyond market- 
determined levels. 
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TABLE 5-2 Issues of Cost Minimization for the Various Policy Instruments 

No. Probably significant No. Probably significant 

Can Policy Assur 
Balance of Costs 
and Benefits witt 
Uncertain or 
Changing 
Economic 
Conditions? 

No 

Yes 

No 

Yes 

No 
Yes 

Analysis of the Costs of Various Policy Instruments 

With that framework in place, the policy instruments can 
be analyzed in terms of cost minimization for a given fuel 
economy increase and balancing of marginal costs of fuel 
economy increases with marginal benefits. Table 5-2 pro- 
vides a summary. 

Several of the policy instruments satisfy all rules for mini- 
mizing the cost for obtaining a given mean increase in fuel 
economy: feebates, gasoline taxes, carbon taxes, and tradable 
credits with attribute-independent or with proportionate3’ 
weight-based targets. Therefore, each of these instruments 
would minimize the cost of obtaining a given mean fuel 
economy increase. Furthermore, gasoline taxes and carbon 
taxes would roughly minimize the overall cost of reducing 
fuel use, not simply of increasing fuel economy, since they 
also include incentives to reduce VMT. In addition, each of 
these instruments (feebates, tradable credits, gasoline taxes, 
or carbon taxes) could efficiently balance the costs and ben- 
efits of fuel economy even under uncertain or changing eco- 
nomic conditions, if the incentives in these are chosen cor- 
rectly. This would require the marginal incentives to equal the 
marginal value of the external costs (in our example, $0.26/ 
gal of gasoline). At the other end of the spectrum, two of in- 
struments-the current CAFE targets and UP1 for each manu- 
facturer-satisfy none of the conditions unless the two-fleet 
rule is eliminated and the distinction between passenger cars 
and trucks is appropriately reformed. Elimination of the two- 

3’The addition of the enhanced-CAFE weight-based targets, even with 
tradable credits. would give different incentives For increasing fuel economy 
for heavy and light cars. 

fleet rule and elimination or appropriate repair of the distinc- 
tion between passenger cars and trucks would improve both 
systems. Even if the two-fleet rule is eliminated and the car/ 
truck distinction appropriately repaired, neither of these in- 
struments can be expected to lead to an efficient allocation of 
reductions among manufacturers or to an economically e f f -  
cient overall level of fuel economy increases. 

Performance Trade-offs for the Various Policy Instruments 

The discussion above makes it clear that there are trade- 
offs among the various performance objectives important for 
the various policies. In particular, there may be trade-offs 
between three separate performance objectives: 

Flexibility of choice for manufacturers and consumers 
to allow appropriate fuel economy increases, while 
maintaining consumcr choice; 
Certainty, or predictability, in the magnitude of total 
fuel consumption reductions, or at least certainty in 
the magnitude of new vehicle fuel economy increases: 
and . Effectiveness in motivating the broadest range of ap- 
propriate consumer and manufacturer fuel use re- 
sponses, and possibly the greatest fuel use reductions. 

Table 5-3 summarizes these trade-offs. For each policy 
instrument it provides a summary of performance of the in- 
strument in terms of these three objectives and compares 
them where possible. Each summary of the performance 
characteristics is stated relative to the current CAFE system. 

Since none of the policy instruments provides certainty 
about the magnitude of fuel use reductions, primarily because 
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TABLE 5-3 Performance Trade-offs for the Various Policy Instruments 

Will Manufacturers and 
Consumers Have Flexibility 
of Choice to Allow 
Economically Efficient Fuel 
Economy Increases? Policy Instrument 

How Certain Will Be the 
Magnitude of New Car 
Fuel Economy Increases? 

Current CAFE, with two-fleet rule 

Current CAFE, without two-fleet rule 

No 

No, but more flexibility Much certainty 

CAFE with reformed cadtruck differentiation I Similar to current CAFE More certainty than current CAFE 
Current CAFE targets with tradabIe credits I Yes I LXSS certainty than current CAFE 

1 
Current CAFE but with E-CAFE weight-based 

Tradable credits, E-CAFE weight-based targets 
UP1 for each manufacturer 

Feebates 

Gasoline taxes 

Carbon taxes 

targets 
More flexibility than current 

Yes 
Similar to current CAFE 

CAFE 

Similar to current CAFE 

Less certainty than current CAFE 

Yes 
Considerably less certainty than 

current CAFE 

How Broad a Range 
of Fuel Use Responses 
Would Be 
Motivated? 

Broad range of fuel econom 
responses 

Broader than current CAFE 
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Broader range than current 
CAFE 

Broader range than current 
CAFE 

Broader than current CAFE, 
plus VMT responses 

Like gasoline taxes, plus 
economy-wide responses 

none can directly control total vehicle miles, the second col- 
umn of Table 5-3, “How certain will be the magnitude of new 
car fuel economy increases?’, summarizes the degree of cer- 
tainty in the magnitude of new vehicle fuel economy increases 
not in the magnitude of total fuel use reductions. 

The third column, “How broad a range of fuel use re- 
sponses would be motivated?’, summarizes the material 
from Table 5-1. Broader ranges of responses tend to lead to 
larger responses for a given magnitude of incentives and thus 
larger expected reductions in fuel use. 

Table 5-3 underscores the observation that choice among 
instruments will necessarily involve trade-offs among those 
three performance objectives. In particular, there is an inher- 
ent trade-off between flexibility and certainty. Generally, 
policy instruments that give the most certainty of response are 
the ones that allow the least flexibility of choice. In addition, 
certainty of response should not be confused with magnitude 
of response. For equivalent magnitudes, the broad energy de- 
mand reduction policies-gasoline taxes and carbon taxes- 
have less certainty of magnitude but can be expected to lead to 
the greatest reductions in fuel use. 

In addition to the trade-offs highlighted in Table 5-3, the 
various policy options will have additional impacts and 
therefore additional trade-offs. The following section of this 
chapter points out some of the additional impacts of the vari- 
ous policy options. 

Table 5-3 incorporates an implicit assumption that the se- 
verity and implementation speed of the interventions are simi- 

lar for each instrument. However, this analytic requirement 
for consistency is not a requirement for policy making. For 
example, it is quite possible to decide whether one would pre- 
fer to implement a system of tradable credits with aggressive 
fuel economy targets or to increase the targets of the CAFE 
system less aggressively. Or, one could choose between a 
moderate carbon tax system or an aggressive gasoline tax in- 
crease. Further analysis of the trade-offs involved in such 
choices is a necessary part of the policy-making process. 

Other Potential Consequences 

In addition to issues discussed above, there may be other 
consequences, some unintended, associated with these in- 
struments. Six classes of potential consequence have been 
identified: distributional impacts, automotive safety, con- 
sumer satisfaction, mobility of the population, employment, 
and environmental impacts. These will be discussed in what 
follows. 

Distributional lmpacts of the instruments 

In addition to the economic efficiency impacts of the vari- 
ous policy instruments, there are also impacts on the distri- 
bution of income/wealth between automotive companies, 
consumers, and the government. Carbon taxes and gasoline 
taxes could have the greatest distributional consequences: 
Vehicle owners would pay taxes to the federal government 
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even if the fuel economy of their cars or trucks exceeded the 
fuel economy targets. For example, with a $0.26/gal gaso- 
line tax, the consumer driving a 30-mpg vehicle over a 
150,000-mile lifetime would pay $1,300 in gasoline taxes 
during the life of the vehicle. The payment to the govern- 
ment would allow other taxes to be reduced or would allow 
additional beneficial government spending. 

Current CAFE standards (or UPI), with or without the 
two-fleet rule, with or without a redesign of the distinction 
between cars and trucks, and with or without attribute-based 
targets, would not lead to any financial transfer among manu- 
facturers who meet or exceed the targets. However, if, to 
meet the targets, those manufacturers need to increase the 
price of low-mpg vehicles and decrease the price of high- 
mpg vehicles, then this pricing strategy would have a differ- 
ential impact on consumers. In addition, those manufactur- 
ers who fail to meet the targets would pay financial penalties 
to the government. 

Like the current CAFE systems, feebates and tradable fuel 
economy credits cause no financial transfers for those man- 
ufacturers just meeting the target. Like the current CAFE 
systems, both systems would lead to payments from those 
manufacturers who failed, on average, to meet the targets. A 
difference is that, unlike the current CAFE system, those 
manufacturers exceeding the fuel economy targets receive a 
financial transfer and that transfer provides the motivation 
for further increases in fuel economy. 

Feebates would require manufacturers with fuel economy 
lower than the targets to pay money to the federal govern- 
ment, while those with higher fuel economy would receive 
payments from the government. Although money would pass 
through the government, on net there would be a transfer of 
payments between the two groups of manufacturers. If the 
mean fuel economy of the entire new vehicle fleet exceeds 
the mean target, there would be a financial transfer from the 
government to the automotive industry as a whole; con- 
versely, there would be a financial transfer from the industry 
to the government if the mean economy is lower than the 
average target. Thus, whether the system adds net tax rev- 
enues or subtracts from tax revenues would depend on the 
average fuel economy of the new cars sold. 

Tradable credits, either with or without weight-based tar- 
gets, could lead to financial transfers between automobile 
manufacturers. However, the transfers would be smaller (on 
a per-vehicle basis) than the transfers associated with an 
equivalent gasoline tax or a carbon tax. In the example above, 
with a 30-mpg target and a $0.26/gal price of credits, a manu- 
facturer whose mean economy was 35 mpg would receive 
$1 85 per vehicle from selling credits, and the manufacturer 
of a 25-mpg vehicle would need to pay $260 per vehicle for 
purchasing credits. These could be compared with the $1,114 
per-vehicle consumer payment of gasoline taxes (at $0.26 
per gallon) for the 35-mpg vehicle and the $1,560 per- 
vehicle consumer payment of gasoline taxes for the 25-mpg 
vehicle. 

Safety 

As discussed in Chapters 2 and 4, over the last several 
decades, driving continued to become safer, as measured by 
the number of fatalities and severe injuries per mile of driv- 
ing. This trend has resulted from a combination of factors, 
including improvement in highway design; enforcement of 
traffic laws, including alcohol restrictions: and improved 
design of vehicles. Although most of these factors are apt to 
be unaffected by changes in CAFE standards, one of them, 
the design of vehicles-in particular, their weights and 
sizes-may well be influenced by changes in the form and 
severity of CAFE standards. 

The relationships between weight and risk are complex 
and have not been dependably quantified. However, in gen- 
eral, it appears that policies that result in lighter vehicles are 
likely to increase fatalities (relative to their historic down- 
ward trend), although the quantitative relationship between 
mass and safety is still subject to uncertainty. 

Chapter 4 estimated that about 370 additional fatalities 
per year could occur for a 10 percent improvement in fuel 
economy if downweighting follows the pattern of 1975- 
1984. The downweighting by itself would improve fuel 
economy by about 2.7 percent for cars and 1.0 percent for 
trucks, which would reduce gasoline consumption by about 
4.3 billion gallons. Thus, if this relationship accurately de- 
scribed future downweighting, and if for policy analysis pur- 
poses a benefit of $4 million is assigned to every life, then 
the safety costs would be $1.4 billion, or $0.33 in costs of 
lost lives per gallon of gasoline saved by d o w n ~ e i g h t i n g . ~ ~  
If, on the other hand, weight reduction was limited to light 
trucks, the net result could be a reduction in fatalities, with a 
safety benefit. Note that there is much uncertainty in the es- 
timate of value of lives and in the number of fatalities. Higher 
or lower values of these figures would increase or decrease 
the estimate in safety costs or benefits proportionately. 

As discussed above, proportionate weight-based targets 
would eliminate motivation for weight reductions and thus 
would avoid any adverse safety implications. Inclusion of the 
enhanced-CAFE weight-based targets would eliminate any 
motivation for weight reductions for small vehicles and would 
concentrate all weight reductions in the larger vehicles, in- 
cluding most light-duty trucks, possibly improving safety. 

32The committee has not determined what fraction of this cost consum- 
ers already take into account in their choices of vehicles. If consumers are 
already taking into account consequences of vehicle purchases for their 
own safety, these safety consequences help explain consumer preferences 
for larger cars. If consumers do not take this cost into account, the $0.33 per 
gallon cost of downweighting overwhelms the $0.26 per gallon reduction in 
external costs that would result from downweighting. Finally, if consumers 
already fully include consequences of car purchases for their own safety but 
ignore all consequences of car purchases for the safety of other drivers with 
whom they may collide, then these costs imposed on others would represent 
another external cost, one associated strictly with choice of new vehicle 
weight. The committee has not quantified this possible source of external 
costs. 
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All other policy instruments could be expected to reduce 
vehicle weights and thus, all else equal, could be expected to 
have unintended safety impact. Any policy instrument that 
encourages the sale of small cars beyond the level of normal 
consumer demand may have adverse safety consequences. 

Consumer Satisfaction 

Reductions in weight or performance of vehicles below 
that desired by consumers could reduce vehicle purchaser 
satisfaction by reducing the utility of the vehicles available 
to consumers.33 Reduction in satisfaction might reduce pur- 
chases of new vehicles and thus adversely impact the auto 
industry and employment in that industry. This issue may be 
particularly important for policies that implicitly or explic- 
itly restrict automotive firms from selling vehicles designed 
to appeal to consumers whose preferences differ from those 
of typical customers. For example, some consumers expect 
to use vehicles for towing boats or trailers, for farming, or 
for construction, activities in which vehicle power-at rela- 
tively low speeds-is more important than fuel economy. 
Others consumers may desire luxury features that sacrifice 
fuel economy. Some may use their vehicle for carpooling 
several families or transporting youth soccer teams, Girl 
Scout troops, or school groups and thus may need the ability 
to safely seat many people. 

A11 of the policy instruments provide strong incentives to 
reduce performance, and many also provide incentives to 
reduce weight. Such reductions could have unintended nega- 
tive consequences. Policy instruments that provide no moti- 
vation for weight reduction are less likely to have such nega- 
tive consequences. 

Mobility 

Personal mobility is highly valued in American society. 
People living in suburban and rural locations often have no 
alternatives to light-duty vehicles for personal mobility. 
Large numbers of people cannot afford to live close to their 
work, and many families include two wage-earners who may 
work a significant distance from one another. Thus, any poli- 
cies that reduce the mobility of these people may create un- 
intended hardships. 

Mobility may be reduced by policies that greatly increase 
the cost of driving. Large enough gasoline taxes or carbon 
taxes could have this impact. Conversely, any policy that, all 
else equal, increases fuel economy could reduce the cost of 
driving and could increase options for mobility. 

33The effect of weight reduction on consumer satisfaction is compli- 
cated, however, because structural redesign and the use of lightweight ma- 
terials can allow weight reduction without changes in structural integrity or 
handling. 

Employment 

Employment in the U.S. economy is linked primarily to 
monetary and fiscal policies pursued at the federal level and 
to regional policies that allow a range of employment oppor- 
tunities throughout the United States. None of the policy 
options can be expected to significantly impact monetary 
and fiscal policies. However, policies that reduce the num- 
ber of vehicles manufactured in the United States or rapidly 
and significantly reduce the scale of an industry central to a 
regional economy could have at least temporary regional 
employment impacts. 

The committee believes that none of the policies dis- 
cussed here would have such negative consequences if 
implemented wisely. If implemented too aggressively, any 
of the policies could greatly increase the cost of vehicles or 
their use and thus have the potential for harming employ- 
ment. In  the remainder of this chapter, it is assumed that no 
policy will be implemented so aggressively that there would 
be such employment impacts. 

One particular issue was raised in the committee’s open 
sessions. It was suggested that maintenance of the two-fleet 
rule, requiring each manufacturer’s domestic fleet and im- 
ported fleet of passenger cars to separately meet the CAFE 
standards, was important for avoiding job losses in the 
United States, particularly in the automotive industry. How- 
ever, the committee found no evidence nor was it offered 
any evidence or analysis to support that contention. In addi- 
tion, the current rule does provide a strong motivation for 
manufacturers to reduce domestic content of some vehicles, 
particularly the larger vehicles, to keep them in the import- 
fleet category. Therefore, while at some time the two-fleet 
rule may have protected domestic production, the committee 
sees no reason to believe it continues to play this role at all. 
Therefore, elimination of the two-fleet rule is not expected 
to have net adverse impacts on employment in the U.S. auto- 
motive industry. 

Environment 

Environmental impacts can be viewed in two categories, 
depending on whether the impacts are closely related to the 
amount of gasoline used or are independent of gasoline use 
but instead are dependent on the VMT and on the character- 
istics of individual vehicles. 

In the first category are the environmental consequences 
of the release of CO,, which is directly proportional to the 
amount of gasoline consumed. These direct environmental 
externalities, discussed previously, are a major reason for 
market intervention. 

In the second category are the environmental conse- 
quences of criteria pollutants emitted from cars and trucks. 
For a given vehicle, the more it is driven, the greater will be 
the amount of emissions released and the greater the envi- 
ronmental impact. Thus, policies that reduce VMT-gaso- 
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line taxes and carbon tradinghaxes-can lead to additional 
environmental benefits. 

New cars emit far less criteria pollutants per mile driven 
than do cars of older vintage. Thus, policies that reduce re- 
tirements of old cars (by, for example, significantly increas- 
ing the costs of new vehicles) would increase the average 
emissions per vehicle mile traveled and the total emissions 
of criteria pollutants. 

Potential Inequities 

The issue of equity or inequity is subjective. However, 
one concept of equity among manufacturers requires equal 
treatment of equivalent vehicles made by different manufac- 
turers. The current CAFE standards fail this test. If one 
manufacturer was positioned in the market selling many 
large passenger cars and thereby was just meeting the CAFE 
standard, adding a 22-mpg car (below the 27.5-mpg stan- 
dard) would result in a financial penalty or would require 
significant improvements in fuel economy for the remainder 
of the passenger cars. But, if another manufacturer was sell- 
ing many small cars and was significantly exceeding the 
CAFE standard, adding a 22-mpg vehicle would have no 
negative consequences. 

This differential treatment of identical vehicles charac- 
terizes the current CAFE system with or without the two- 
fleet rule, with or without reclassifications of trucks, and 
without weight-based targets. With the enhanced-CAFE 
weight-based targets, this differential treatment wouId con- 
tinue to exist. 

Another notion of equity involves whether manufacturers 
are rewarded, treated neutrally, or punished for incorporat- 
ing fuel-economy-enhancing technologies when they are not 
required by law to do so. Rewards or neutral treatment seem 
equitable; punishment seems inequitable. 

Uniform percentage improvements would operate in this 
inequitable manner. Consider two initially identical manu- 
facturers initially selling identical fleets of vehicles, both just 
meeting current CAFE standards. Suppose that one manu- 
facturer of its own volition introduces improved technolo- 
gies that increase fuel economy and the other does not; sup- 
pose further that some years later the government adopts a 
UP1 regulation. The first manufacturer would then be re- 
quired to achieve a higher fuel economy than the second. 
But the first manufacturer would already have used the low- 
cost fuel-saving technologies and would be forced to use 
higher-cost technologies for the further improvement. That 
manufacturer would be significantly punished for having 
improved fuel economy beyond what was required by law. 

A final concept of equity among manufacturers is more 
global. New policies that would impose costs disproportion- 
ately on particular manufacturers, who themselves have re- 
mained in compliance with existing law and policies, seem 
inequitable because they would impose unequal costs on oth- 
erwise similarly situated manufacturers. 

A policy decision to simply increase the standard for 
light-duty trucks to the same level as for passenger cars 
would operate in this inequitable manner. Some manufac- 
turers have concentrated their production in light-duty 
trucks while others have concentrated production in pas- 
senger cars. But since trucks tend to be heavier than cars 
and are more likely to have attributes, such as four-wheel 
drive, that reduce fuel economy, those manufacturers 
whose production was concentrated in light-duty trucks 
would be financially penalized relative to those manufac- 
turers whose production was concentrated in cars. Such a 
policy decision would impose unequal costs on otherwise 
similarly situated manufacturers. 

Administrative Feasibility 

Perhaps the easiest policy to implement would be in- 
creases in gasoline or other motor fuel taxes. There is al- 
ready a system of gasoline taxation in place, and implemen- 
tation of the policy would simply involve increasing the tax 
rate. No additional administrative mechanisms would be 
required. 

It is also relatively easy to enforce the current CAFE stan- 
dards. These standards, with or without the two-fleet rule, 
involve reporting the sales of the various models of vehicles 
and reporting the fuel economy of each model. The fuel 
economy data are already developed for reporting to con- 
sumers. The sales data and the associated mathematical 
calculations could be self-reported. Accounting for carry- 
forward and penalties is straightforward. Thus, CAFE stan- 
dards involve little or no administrative difficulty except in 
setting the standards. However, setting target levels requires 
significant economic and technological information, so the 
levels should be revised periodically. Similarly, weight- 
based targets require only one additional piece of readily 
available data, the vehicle curb weight. Thus, the adminis- 
trative issues would be virtually no different from those of 
the current CAFE standards. 

Feebates require financial transfers between the auto 
manufacturers and the government and thus require a report- 
ing and collecting function. This function could be integrated 
with other taxation functions but would require administra- 
tive efforts. 

Tradable credits, with or without weight-based targets, 
require a new administrative mechanism. Perhaps the easi- 
est approach would involve an extension of the reporting 
mechanisms required under the current CAFE standards. 
At the end of the year, the manufacturer would report the 
number of cars sold and their fuel economies (based on the 
standard testing procedure) and their weights, if weight- 
based targets are to be used. They would also report the 
number of fuel economy credits purchased or sold, the 
names of the other companies involved in the transactions, 
and sales prices of credits. The government agency might 
require public reporting of the credit sales prices to allow 
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use of this information for further rule making. Reporting 
on the names of the other companies involved in transac- 
tions would allow cross-checking to assure that every re- 
ported purchase of credits had a corresponding reported 
sale. The government agency would also need a rnecha- 
nisrn to sell credits to any firm that decided to buy them. In 
general, however, the administrative requirements would 
be modest. 

Introducing a carbon tax or carbon trading mechanism 
would require a system that extended well beyond just the 
automobile manufacturers. Discussion of how one might set 
up such a system is well beyond the scope of this report. 
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Attachment 5A 

Development of an Enhanced-CAFE Standard 

This attachment develops the Enhanced-CAFE (E-CAFE) 
standard, an alternative to the current fuel economy regula- 
tions. This alternative has a number of advantages: It has the 
potential to decrease fuel consumption, reduce the “gaming” 
of the fuel economy standards, and increase the safety of the 
overall vehicle fleet. The committee views the new system 
as a serious alternative to the current CAFE standards. Be- 
cause of limitations of time and data, it has only been able to 
do an approximate calibration of the effects of the new sys- 
tem. Thus, although the E-CAFE standard is highly promis- 
ing, some additional analysis will be required. 

TARGETS UNDER THE CURRENT CAFE STANDARD 
Figure 5A-1 shows the general relationship between fuel 

consumption and vehicle weight for passenger cars, based 
on 1999 data. Fuel consumption, the vertical axis, is ex- 
pressed as number of gallons needed to drive 100 miles. Each 
point in the graph is a single car model, e.g., a four-cylinder 

60 - 

5.0 - 

Accord. (Car models that sell fewer than 1,000 cars per year 
in the United States are not shown.) 

The current CAFE standard sets a passenger car target of 
27.5 mpg (3.64 gallons per 100 miles of driving) for each 
manufacturer. Compliance is determined by averaging gal- 
lons per mile across the manufacturer’s entire fleet of cars. 
With averaging, the manufacturer can produce some cars 
that get low mpg if it balances them with enough cars that 
get high mpg. The horizontal line in Figure 5A-1 shows the 
CAFE target. 

Point A in Figure 5A-1 represents a car model that con- 
sumes more fuel than is allowed by the CAFE standard. The 
gap between point A and the horizontal CAFE line is the 
amount of excess fuel consumption. Point B is a car that con- 
sumes less fuel than the CAFE standard. The gap between 
point B and the CAFE line is not as large, so the manufacturer 
who makes As and Bs will have to sell approximately two 
point B cars to offset the high fuel consumption of one point A 
car. Manufacturers have an incentive to sell more of the lighter 
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FIGURE 5A-1 Gallons used per 100 miles (cars only, gasoline engines only). 
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FIGURE 5A-2 Regression line through the car  data in Figure 5A-1 (passenger cars only, gasoline engines only). 

cars, which may lead to an increase in traffic fatalities. In ad- 
dition, there are equity problems: Those manufacturers who 
specialize in making large, heavy cars have a harder task meet- 
ing CAFE targets than those who specialize in making small, 
light cars. These disadvantages of the current CAFE system 
motivate the search for an alternative. 

THE RELATIONSHIP BETWEEN WEIGHT 
AND FUEL CONSUMPTION 

Figure SA-2 fits a regression line through the car dam- 
the upward-sloping straight line. There is strong relationship 
between weight and fuel consumption.' Figure 5A-3 adds in 
the data for light-duty trucks (gasoline engines only; models 
that sold fewer than 1,000 vehicles per year in the United 
States are not shown). Again, there is a strong relationship 
between weight and fuel consumption, though with some- 
what more outliers than in the car graphs. A regression 
through the truck data was computed and is shown as a 
dashed line. It is nearly parallel to the car line. 

'Why do the points in Figure SA-2 scatter? Imagine a vertical line drawn 
at the 3,000-lb point on the weight axis, and consider the cars that fall along 
that 3,000-Ib line. The cars do not all have the same fuel consumption be- 
cause they do not all have the same powertrain technology, aerodynamic 
efficiency, and rolling resistance. The point where the 3,000-lb line crosses 
the sloping line represents the average technology of 3.000-lb cars. The 
sloping line is derived from a sales-weighted regression fit and therefore 
gives more importance to high-volume vehicles. For this reason it puts most 
weight on the most often used technologies within each weight class. 

105 

If all manufacturers exactly met the weight-based targets 
shown by the two regression lines, the total car fleet would 
average 28.1 mpg, and the total truck fleet would average 
20.1 mpg, a difference of 8 mpg. But the two regression 
lines in Figure 5A-3 are only about 2.5 mpg apart. The rea- 
son for this apparent difference (8 mpg instead of 2.5 mpg) 
is that the regression lines estimate fuel consumption while 
holding weight constant. The 8-mpg car-truck gap occurs 
because the average car is being produced on the left-hand, 
low-weight end of the technology curve, while the average 
truck is being produced on the high weight end. Analyzing 
the components of the 8-mpg gap: 2.5 mpg of the gap is 
technological-trucks have more aerodynamic drag, and in 
general their drive trains are not as technologically advanced. 
And 5.5 mpg of the gap occurs because trucks are designed 
to be heavier than cars. 

To gain a better sense of the characteristics of specific 
vehicles, Figure SA-4 shows a sample of 33 trucks and 44 
cars that are representative of cars, vans, S W s ,  and pickup 
trucks. For analytic purposes it is sometimes more conve- 
nient to normalize the vertical scale of Figure 5A-4: Divide 
the fuel consumption of each point by the curb weight. This 
ratio is the weight-specific fuel consumption (WSFC). 

Figures 5A-3, 5A-4, and 5A-5 show that fuel consump- 
tion is roughly proportional to the weight of the vehicles or, 
equivalently, that the weight-specific fuel consumption is 
roughly constant across the various weights. That is, the most 
significant variable explaining fuel consumption is weight. 
This suggests the possibility of basing fuel economy stan- 
dards on the weight of the vehicle. For example, use the 
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FIGURE 5A-3 Gallons to drive 100 miles, with regression lines (cars and trucks, gasoline engines only). 
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sloped line in Figure 5A-2 as the target baseline. This con- 
trasts to the current CAFE system, which computes the gap 
between each vehicle and the horizontal CAFE line in Fig- 
ure 5A- 1. Instead, use the sloped line in Figure 5A-2 and 
compute the gap between each vehicle and the sloped line. 

WEIGHT-BASED TARGETS VERSUS CURRENT 
CAFE TARGETS 

A regulatory system using weight-based targets would 
remove the intense incentives for manufacturers to down- 
weight their small cars, thereby reducing the potential neg- 
ative safety effects of the current system. It would also 
produce greater equity across manufacturers-under CAFE, 
manufacturers who make a full range of car sizes have a 
harder time meeting the standards. 

Weight-based targets also have three major disadvan- 
tages. First, because they are weight-neutral, the principal 
lever for influencing vehicle fuel economy is lost. Second, 
they remove most of the incentive behind the current re- 
search programs that are pursuing the use of lightweight 
materials to substitute for the steel in vehicles. Such pro- 
grams have the potential to reduce vehicle weight while pre- 
serving vehicle size, reducing fuel consumption while pre- 
serving safety. 

Third, and most important, weight-based standards could 
result in higher fuel consumption. Unlike with CAFE, there 
is no cap on the fleet average, so the average vehicle could 

move to the right (upweight) on the curve. Is this likely? 
Note that car weights and truck weights have been increas- 
ing over the past decade despite strong counteracting pres- 
sure from CAFE. Furthermore, the profit margin associated 
with large vehicles has traditionally been much higher than 
that associated with small ones. Thus there are substantial 
market incentives for manufacturers to increase vehicle 
weights and no restraints on their doing so once CAFE is 
removed. 

With these advantages and disadvantages in mind, the 
weight-based standard could be modified to become the 
Enhanced-CAFE standard discussed in the next section. The 
committee recommends that serious consideration be given 
to this alternative as a substitute for the current CAFE 
system. 

PRINCIPAL ALTERNATIVE: THE ENHANCED-CAFE STANDARD 

It is possible to combine the CAFE system with weight- 
based targets to preserve most advantages of each while 
eliminating most disadvantages. In particular, the combined 
system should improve safety, so it is called the Enhanced- 
CAFE (E-CAFE) system. The E-CAFE system is a way to 
restructure the current regulatory system. It creates a differ- 
ent kind of baseline for measuring compliance and hence 
creates different incentives for manufacturers-incentives 
that move the regulatory system toward some highly desir- 
able goals. One possible set of targets is illustrated below, 
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but the actual targets would be determined by the legislative 
and regulatory process. 

It is possible to have separate E-CAFE baselines for cars 
and for trucks. However, there would be a substantial advan- 
tage to using a single baseline that applies to all light-duty 
vehicles-it would eliminate the “gaming” possibilities in- 
herent in a two-class system with different standards for each 
class. The horizontal line in Figure SA-5 shows such a fuel 
consumption target: a single baseline used to measure per- 
formance deviations for both cars and trucks. For vehicles 
that weigh less than 4,000 Ib, the target is sloped upward like 
the weight-based targets.* For vehicles that weigh more than 
4,000 lb, the target is a horizontal line like the current CAFE 
standard. This approach in effect uses a more stringent target 
for vehicles above 4,000 lb, creating incentives to use ad- 
vanced technology to improve power-train efficiency, reduce 
aerodynamic and rolling resistance losses, and reduce acces- 
sory power. 

E-CAFE creates a strong set of incentives to improve the 
fuel economy of the heaviest vehicles. Under current CAFE, 
if a manufacturer wishes to offset the excess fuel consump- 
tion of a large vehicle, it can do so by selling a light vehicle: 
The vertical gap of the large vehicle (“A”) in Figure 5A- 1 is 
offset by the vertical gap of the small vehicle (“B”). But if 
the baseline is changed to E-CAFE (Figure 5A-6), the small 
vehicle does not generate a large credit because it is on the 
sloped portion of the baseline and its gap is measured with 
respect to the slope, not with respect to the horizontal line. 

For our illustrative example, the horizontal line is set at 
20.7 mpg, the current CAFE standard for light-duty trucks. 
Each manufacturer is judged on its entire fleet of cars and 
trucks: Vehicles that use less fuel than the targets can bal- 
ance vehicles that use more. The committee recommends 
that a system of tradable credits, such as that described ear- 
lier in this chapter, be made part of the regulation. 

The E-CAFE targets can also be expressed in terms of the 
weight-specific fuel consumption (WSFC) of the vehicles, 
which is fuel consumption per ton of vehicle weight used in 
100 miles of driving. This normalized measure is shown in 
Figure SA-7. 

HOW would this proposal affect the different manufactur- 
ers? A fleetwide compliance measure was computed for each 
of the Big 3 manufacturers plus Honda and Toyota to mea- 
sure their position with respect to the illustrative E-CAFE 
targets. Compliance ranged from 3 percent below the targets 
to 6 percent above the targets. None of the major manufac- 
turers begins with a large compliance deviation. It is a rela- 
tively fair starting point. 

The system has a single set of targets for all vehicles. This 

eliminates any concerns about arbitraty trucklcar distinctions 
and their possible manipulation, since all such distinctions 
would be eliminated. 

There would be a small incentive for lightweight vehicles 
to be made heavier and a large incentive for vehicles weigh- 
ing more than the cutoff weight to be made lighter. Thus, the 
variance in weight across the combined fleet should be lower. 
This reduction in weight variance would improve safety in 
car-to-car collisions. 

The present position of the lines could serve as the initial 
baseline under the E-CAFE system. It produces a combined 
car and truck fuel economy of 24.6 mpg3 To improve the 
overall fleet fuel economy in subsequent years, the horizon- 
tal portion of the baseline would be lowered, while simulta- 
neously reducing the slope of the lower portion of the 
baseline. The slope of the lower portion could also be ad- 
justed to reflect the most cost-effective use of technology 
(see Chapter 4). If the E-CAFE system is adopted, there 
should be a phase-in period associated with the new stan- 
dards: Manufacturers have already made plans based on the 
existing CAFE standards and must be given time to analyze 
the implications of the new standards and to redo their prod- 
uct plans. 

AN ALTERNATIVE ATTRIEUE SYSTEM 

Instead of basing the E-CAFE standards on curb weight, 
they might be based on some measure of the vehicle’s load- 
carrying capacity, such as gross vehicle weight (GVW). 
Thus, vehicles capable of carrying more load would be given 
more liberal fuel consumption targets. This concept has some 
potentially useful features, as described in Attachment 3A. 
For regulatory purposes, however, it would have some seri- 
ous problems. 

Passenger vehicles rarely travel under full-load condi- 
tions. For example, data on vehicle occupancy from the Na- 
tionwide Personal Transportation Survey show that the large 
seating capacity of these vehicles is typically unused. The 
average van carries only 2.1 people, the average S W  car- 
ries 1.7 people, the average pickup carries 1.4 people, and 
for “other trucks” the average was 1.1 people. All these 
occupancy figures need to be compared with the average 
automobile, which carries 1.6 people. That is, if GVW were 
used instead of curb weight, heavier vehicles would be al- 
lowed to consume more fuel all the time because they might 
carry a full load. 

There are no measured data available that would allow 

2This figure is only an illustration of one possible implementation of E- 
CAFE. The equation for this part of the targets is: GPMl00 = 4 ,409 + l .31 
times weight, where GPMl00 is gasoline consumption in gallons per 100 
miles and weight is the vehicle weight in thousands of pounds. 

3This was calculated by assuming that every manufacturer complied with 
the E-CAFE standards. Compliance is measured by computing the gap be- 
tween the E-CAFE baseline and each vehicle’s estimated fuel-consump- 
tion, multiplied by the number of vehicles of that model that were sold- 
some would be positive numbers, some negative. These would be summed 
over all the models made by a given manufacturer. 
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the determination of slopes and cutoffs under a GVW stan- 
dard. EPA does not measure fuel consumption under those 
extra weight conditions. It has adjustment formulas capable 
of estimating the change in fuel consumption for small 
changes in vehicle weight, but the uncertainty of the predic- 
tions becomes larger and larger as the prospective weight 
change increases. To do an accurate analysis to set standards 
under the GVW criterion, the EPA would have to rerun the 
tests across all the vehicles in the fleet. Recalibrating to a 
regulatory standard based on GVW would take a long time. 

Finally, GVW is a rating, not a measure, and it is deter- 
mined by each manufacturer, using that manufacturer’s own 
judgment of carrying capacity. A senior EPA analyst! char- 
acterized GVW as “a remarkably arbitrary figure.” As cur- 
rently determined, it lacks the objective reliability needed 
when setting a regulatory standard. 

4PersonaI communication from Eldert Bonteko, Environmental Protec- 
tion Agency, Ann Arbor, to committee member Charles Lave. 
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Findings and Recommendations 

As noted in previous chapters, the committee gathered 
information through presentations at its open meetings (see 
Appendix C); invited analyses and statements; reports from 
its consultants, who conducted analyses at the direction of 
the committee; visits to manufacturers; review of the perti- 
nent literature; and the expertise of committee members. In- 
formed by this substantial collection of information, the com- 
mittee conducted its own analyses and made judgments 
about the impacts and effectiveness of CAFE standards (see 
Chapters 2 to 5 ) .  Since Congress asked for a report by July 1, 
2001, and the committee had its first meeting in early Febru- 
ary 2001, the committee had less than 5 months (from early 
February to late June), to conduct its analyses and prepare a 
report for the National Research Council’s report review pro- 
cess, an unusually short time for a study of such a complex 
issue. In its findings and recommendations, the committee 
has noted where analysis is limited and further study is 
needed. 

FINDINGS 
Finding 1. The CAFE program has clearly contributed to 
increased fuel economy of the nation’s light-duty vehicle 
fleet during the past 22 years. During the 1970s, high fuel 
prices and a desire on the part of automakers to reduce costs 
by reducing the weight of vehicles contributed to improved 
fuel economy. CAFE standards reinforced that effect. More- 
over, the CAFE program has been particularly effective in 
keeping fuel economy above the levels to which it might 
have fallen when real gasoline prices began their long de- 
cline in the early 1980s. Improved fuel economy has reduced 
dependence on imported oil, improved the nation’s terms of 
trade, and reduced emissions of carbon dioxide, a principal 
greenhouse gas, relative to what they otherwise would have 
been. If fuel economy had not improved, gasoline consump- 
tion (and crude oil imports) would be about 2.8 million bar- 
rels per day greater than it is, or about 14 percent of today’s 
consumption. 

Finding 2. Past improvements in the overalI fuel economy 
of the nation’s light-duty vehicle fleet have entailed very 
real, albeit indirect, costs. In particular, all but two members 
of the committee concluded that the downweighting and 
downsizing that occurred in the late 1970s and early 1980s, 
some of which was due to CAFE standards, probably re- 
sulted in an additional 1,300 to 2,600 traffic fatalities in 
1993.’ In addition, the diversion of carmakers’ efforts to 
improve fuel economy deprived new-car buyers of some 
amenities they clearly value, such as faster acceleration, 
greater carrying or towing capacity, and reIiability. 

Finding 3. Certain aspects of the CAFE program have not 
functioned as intended: 

The distinction between a car for personal use and a 
truck for work uselcargo transport has broken down, 
initially with minivans and more recently with sport 
utility vehicles (S W s )  and cross-over vehicles. The 
cadtruck distinction has been stretched well beyond 
the original purpose. 
The committee could find no evidence that the two- 
fleet rule distinguishing between domestic and foreign 
content has had any perceptible effect on total employ- 
ment in the U.S. automotive industry. 
The provision creating extra credits for multifuel ve- 
hicles has had, if any, a negative effect on fuel econ- 
omy, petroleum consumption, greenhouse gas emis- 
sions, and cost. These vehicles seldom use any fuel 
other than gasoline yet enable automakers to increase 
their production of less fuel efficient vehicles. 

‘A dissent by committee members David Greene and Maryann Keller on 
the impact of downweighting and downsizing is contained in Appendix A. 
They believe that the level of uncertainty is much higher than stated and 
that the change in the fatality rate due to efforts to improve fuel economy 
may have been zero. Their dissent is limited to the safety issue alone. 
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Finding 4. In the period since 1975, manufacturers have 
made considerable improvements in the basic efficiency of 
engines, drive trains, and vehicle aerodynamics. These im- 
provements could have been used to improve fuel economy 
and/or performance. Looking at the entire light-duty fleet, 
both cars and trucks, between 1975 and 1984, the technol- 
ogy improvements were concentrated on fuel economy: It 
improved by 62 percent without any loss of performance as 
measured by 0-60 mph acceleration times. By 1985, light- 
duty vehicles had improved enough to meet CAFE standards. 
Thereafter, technology improvements were concentrated 
principally on performance and other vehicle attributes (in- 
cluding improved occupant protection). Fuel economy re- 
mained essentially unchanged while vehicles became 20 per- 
cent heavier and 0-60 mph acceleration times became, on 
average, 25 percent faster. 

Finding 5. Technologies exist that, if applied to passenger 
cars and light-duty trucks, would significantly reduce fuel 
consumption within 15 years. Auto manufacturers are al- 
ready offering or introducing many of these technologies in 
other markets (Europe and Japan, for example), where much 
higher fuel prices ($4 to $5/gal) have justified their develop- 
ment. However, economic, regulatory, safety, and consumer- 
preference-related issues will influence the extent to which 
these technologies are applied in the United States. 

Several new technologies such as advanced lean exhaust 
gas after-treatment systems for high-speed diesels and direct- 
injection gasoline engines, which are currently under devel- 
opment, are expected to offer even greater potential for re- 
ductions in fuel consumption. However, their development 
cycles as well as future regulatory requirements will influ- 
ence if and when these technologies penetrate deeply into 
the U S .  market. 

The committee conducted a detailed assessment of the 
technological potential for improving the fuel efficiency of 
10 different classes of vehicles, ranging from subcompact 
and compact cars to SUVs, pickups, and minivans. In addi- 
tion, it estimated the range in incremental costs to the con- 
sumer that would be attributable to the application of these 
engine, transmission, and vehicle-related technologies. 

Chapter 3 presents the results of these analyses as curves 
that represent the incremental benefit in fuel consumption 
versus the incremental cost increase over a defined baseline 
vehicle technology. Projections of both incremental costs 
and fuel consumption benefits are very uncertain, and the 
actuaI results obtained in practice may be significantly 
higher or lower than shown here. Three potential develop- 
ment paths are chosen as examples of possible product im- 
provement approaches, which illustrate the trade-offs auto 
manufacturers may consider in future efforts to improve 
fuel efficiency. 

Assessment of currently offered product technologies 
suggests that light-duty trucks, including S U V s ,  pickups, and 

minivans, offer the greatest potential to reduce fuel consump- 
tion on a total-gallons-saved basis. 

Finding 6. In an attempt to evaIuate the economic trade-offs 
associated with the introduction of existing and emerging tech- 
nologies to improve fuel economy, the committee conducted 
what it called cost-efficient analysis. That is, the committee 
identified packages of existing and emerging technologies that 
could be introduced over the next 10 to 15 years that would 
improve fuel economy up to the point where further increases 
in fuel economy would not be reimbursed by fuel savings. 
The size, weight, and performance characteristics of the ve- 
hicles were held constant. The technologies, fuel consump- 
tion estimates, and cost projections described in Chapter 3 
were used as inputs to this cost-efficient analysis. 

These cost-efficient calculations depend critically on the 
assumptions one makes about a variety of parameters. For 
the purpose of calculation, the committee assumed as fol- 
lows: (1) gasoline is priced at $1 .5O/gaI, (2) a car is driven 
15,600 miles in its first year, after which miles driven de- 
clines at 4.5 percent annually, (3) on-the-road fuel econ- 
omy is 15 percent less than the Environmental Protection 
Agency’s test rating, and (4) the added weight of equipment 
required for future safety and emission regulations will ex- 
act a 3.5 percent fuel economy penalty. 

One other assumption is required to ascertain cost-effi- 
cient technology packages-the horizon over which fuel 
economy gains ought to be counted. Under one view, car 
purchasers consider fuel economy over the entire life of a 
new vehicle; even if they intend to sell it after 5 years, say, 
they care about fuel economy because it will affect the price 
they will receive for their used car. Alternatively, consumers 
may take a shorter-term perspective, not looking beyond, 
say, 3 years. This latter view, of course, will affect the iden- 
tification of cost-efficient packages because there will be 
many fewer years of fuel economy savings to offset the ini- 
tial purchase price. 

The full results of this analysis are presented in Chap- 
ter 4. To provide one illustration, however, consider a mid- 
size SUV. The current sales-weighted fleet fuel economy 
average for this class of vehicle is 21 mpg. If consumers 
consider only a 3-year payback period, fuel economy of 22.7 
mpg would represent the cost-efficient level. If, on the other 
hand, consumers take the full 14-year average life of a ve- 
hicle as their horizon, the cost-efficient level increases to 28 
mpg (with fuel savings discounted at 12 percent). The longer 
the consumer’s pIanning horizon, in other words, the greater 
are the fuel economy savings against which to balance the 
higher initial costs of fuel-saving technologies. 

The committee cannot emphasize strongly enough that 
the cost-efficient fuel economy levels identified in Tables 
4-2 and 4-3 in Chapter 4 are not recommended fuel economy 
goals. Rather, they are reflections of technological possibili- 
ties, economic realities, and assumptions about parameter 
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values and consumer behavior. Given the choice, consumers 
might well spend their money on other vehicle amenities, 
such as greater acceleration or towing capacity, rather than 
on the fuel economy cost-efficient technology packages. 

Finding 7. There is a marked inconsistency between press- 
ing automotive manufacturers for improved fuel economy 
from new vehicles on the one hand and insisting on low real 
gasoline prices on the other. Higher real prices for gasoline- 
for instance, through increased gasoline taxes-would cre- 
ate both a demand for fuel-efficient new vehicles and an 
incentive for owners of existing vehicles to drive them less. 

Finding 8. The committee identified externalities of about 
$0.30/gal of gasoline associated with the combined impacts 
of fuel consumption on greenhouse gas emissions and on 
world oil market conditions. These externalities are not nec- 
essarily taken into account when consumers purchase new 
vehicles. Other analysts might produce lower or higher esti- 
mates of externalities. 

Finding 9. There are significant uncertainties surrounding 
the societal costs and benefits of raising fuel economy stan- 
dards for the light-duty fleet. These uncertainties include the 
cost of implementing existing technologies or developing 
new ones; the future price of gasoline; the nature of con- 
sumer preferences for vehicle type, performance, and other 
features; and the potential safety consequences of altered 
standards. The higher the target for average fuel economy, 
the greater the uncertainty about the cost of reaching that 
target. 

Finding 10. Raising CAFE standards would reduce future 
fuel consumption below what it otherwise would be; how- 
ever, other policies could accomplish the same end at lower 
cost, provide more flexibility to manufacturers, or address 
inequities arising from the present system. Possible alter- 
natives that appear to the committee to be superior to the 
current CAFE structure include tradable credits for fuel 
economy improvements, feebates,2 higher fuel taxes, stan- 
dards based on vehicle attributes (for example, vehicle 
weight, size, or payload), or some combination of these. 

Finding 11. Changing the current CAFE system to one fea- 
turing tradable fuel economy credits and a cap on the price 
of these credits appears to be particularly attractive. It would 
provide incentives for all manufacturers, including those that 
exceed the fuel economy targets, to continually increase fuel 
economy, while allowing manufacturers flexibility to meet 
consumer preferences. Such a system would also limit costs 

2Feebates are taxes on vehicles achieving less than the average fuel 
economy coupled with rebates to vehicles achieving better than average 
fuel economy. 

imposed on manufacturers and consumers if standards turn 
out to be more difficult to meet than expected. It would also 
reveal information about the costs of fuel economy improve- 
ments and thus promote better-informed policy decisions. 

Finding 12. The CAFE program might be improved sig- 
nificantly by converting it to a system in which fuel econ- 
omy targets depend on vehicle attributes. One such system 
would make the fuel economy target dependent on vehicle 
weight, with lower fuel consumption targets set for lighter 
vehicles and higher targets for heavier vehicles, up to some 
maximum weight, above which the target would be weight- 
independent. Such a system would create incentives to re- 
duce the variance in vehicle weights between large and 
small vehicles, thus providing for overall vehicle safety. It 
has the potential to increase fuel economy with fewer nega- 
tive effects on both safety and consumer choice. Above the 
maximum weight, vehicles would need additional advanced 
fuel economy technology to meet the targets. The commit- 
tee believes that although such a change is promising, it 
requires more investigation than was possible in this study. 

Finding 13. If an increase in fuel economy is effected by a 
system that encourages either downweighting or the produc- 
tion and sale of more small cars, some additional traffic fa- 
talities would be expected. However, the actual effects would 
be uncertain, and any adverse safety impact could be mini- 
mized, or even reversed, if weight and size reductions were 
limited to heavier vehicles (particularly those over 4,000 lb). 
Larger vehicles would then be less damaging (aggressive) in 
crashes with all other vehicles and thus pose less risk to other 
drivers on the road. 

Finding 14. Advanced technologies-including direct- 
injection, lean-burn gasoline engines; direct-injection 
compression-ignition (diesel) engines: and hybrid electric 
vehicles-have the potentia1 to improve vehicle fuel econ- 
omy by 20 to 40 percent or more, although at a significantly 
higher cost. However, lean-burn gasoline engines and diesel 
engines, the latter of which are already producing large fuel 
economy gains in Europe, face significant technical chal- 
lenges to meet the Tier 2 emission standards established by 
the Environmental Protection Agency under the 1990 
amendments to the Clean Air Act and California’s low-emis- 
sion-vehicle (LEV 11) standards. The major problems are the 
Tier 2 emissions standards for nitrogen oxides and particu- 
lates and the requirement that emission control systems be 
certified for a 120,000-mile lifetime. If direct-injection gaso- 
line and diesel engines are to be used extensively to improve 
light-duty vehicle fuel economy, significant technical devel- 
opments concerning emissions control will have to occur or 
some adjustments to the Tier 2 emissions standards will have 
to be made. Hybrid electric vehicles face significant cost 
hurdles, and fuel-cell vehicles face significant technologi- 
cal, economic, and fueling infrastructure barriers. 
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Finding 15. Technology changes require very long lead 
times to be introduced into the manufacturers’ product lines. 
Any policy that is implemented too aggressively (that is, in 
too short a period of time) has the potential to adversely 
affect manufacturers, their suppliers, their employees, and 
consumers. Little can be done to improve the fuel economy 
of the new vehicle fleet for several years because production 
plans already are in place. The widespread penetration of 
even existing technologies will probably require 4 to 8 years. 
For emerging technologies that require additional research 
and development, this time lag can be considerably longer. 
In addition, considerably more time is required to replace 
the existing vehicle fleet (on the order of 200 million ve- 
hicles) with new, more efficient vehicles. Thus, while there 
would be incremental gains each year as improved vehicles 
enter the fleet, major changes in the transportation sector’s 
fuel consumption will require decades. 

RECOMMENDATIONS 
Recommendation 1. Because of concerns about greenhouse 
gas emissions and the level of oil imports, it is appropriate 
for the federal government to ensure fuel economy levels 
beyond those expected to result from market forces alone. 
Selection of fuel economy targets will require uncertain and 
difficult trade-offs among environmental benefits, vehicle 
safety, cost, oil import dependence, and consumer prefer- 
ences. The committee believes that these trade-offs right- 
fully reside with elected officials. 

Recommendation 2. The CAFE system, or any alternative 
regulatory system, should include broad trading of fuel 
economy credits. The committee believes a trading system 
would be less costly than the current CAFE system; provide 
more flexibility and options to the automotive companies; 
give better information on the cost of fuel economy changes 
to the private sector, public interest groups, and regulators; 

and provide incentives to all manufacturers to improve fuel 
economy. Importantly, trading of fuel economy credits 
would allow for more ambitious fuel economy goals than 
exist under the current CAFE system, while simultaneously 
reducing the economic cost of the program. 

Recommendation 3. Consideration should be given to 
designing and evaluating an approach with fuel economy 
targets that are dependent on vehicle attributes, such as ve- 
hicle weight, that inherently influence fuel use. Any such 
system should be designed to have minimal adverse safety 
consequences. 

Recommendation 4. Under any system of fuel economy 
targets, the two-fleet rule for domestic and foreign content 
should be eliminated. 

Recommendation 5. CAFE credits for dual-fuel vehicles 
should be eliminated, with a long enough lead time to limit 
adverse financial impacts on the automotive industry. 

Recommendation 6. To promote the development of 
longer-range, breakthrough technologies, the government 
should continue to fund, in cooperation with the automotive 
industry, precompetitive research aimed at technologies to 
improve vehicle fuel economy, safety, and emissions. It is 
only through such breakthrough technologies that dramatic 
increases in fuel economy will become possible. 

Recommendation 7. Because of its importance to the fuel 
economy debate, the relationship between fuel economy and 
safety should be clarified. The committee urges the National 
Highway Traffic Safety Administration to undertake addi- 
tional research on this subject, including (but not limited to) 
a replication, using current field data, of its 1997 analysis of 
the relationship between vehicle size and fatality risk. 
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A 

Dissent on Safety Issues: Fuel Economy and Highway Safety 
David L. Greene 

and Matyann Keller 

The relationship between fuel economy and highway 
safety is complex, ambiguous, poorly understood, and not 
measurable by any known means at the present time. Im- 
proving fuel economy could be marginally harmful, benefi- 
cial, or have no impact on highway safety. The conclusions 
of the majority of the committee stated in Chapters 2 and 4 
are overly simplistic and at least partially incorrect. 

We make a point of saying fuel economy and safety rather 
than weight or size and safety, because fuel economy is the 
subject at hand. While reducing vehicle weight, all else 
equal, is clearly one means to increasing fuel economy, so is 
reducing engine power, all else equal. To the extent that con- 
sumers value power and weight, manufacturers will be re- 
luctant to reduce either to improve mpg. Indeed, Chapter 3 
of this report, which addresses the likely means for improv- 
ing passenger car and light-truck fuel economy, sees very 
little role for weight or horsepower reduction in comparison 
with technological improvements. However, we will spend 
most of this appendix discussing the relationships between 
vehicle weight and safety, because the more important tech- 
nological means to improving fuel economy appear to be 
neutral or beneficial to safety. 

In analyzing the relationships between weight and safety 
it is all too easy to fall into one of two logical fallacies. The 
first results from the very intuitive, thoroughly documented 
(e.g.. Evans, 1991, chapter 4, and many others), and theo- 
retically predictable fact that in a collision between two ve- 
hicles of unequal weight, the occupants of the Iighter vehicle 
are at greater risk. The fallacy lies in reasoning that, there- 
fore, reducing the mass of all vehicles will in‘crease risks in 
collisions between vehicles. This is a fallacy because it is the 
relative weight of the vehicles rather than their absolute 
weight that, in theory, leads to the adverse risk consequences 
for the occupants of the lighter vehicle. In fact, there is some 
evidence that proportionately reducing the mass of all ve- 
hicles would have a beneficial safety effect in vehicle colli- 
sions (Kahane, 1997, tables 6-7 and 6-8; Joksch et al., 1998, 
p. ES-2). 

The second fallacy arises from failing to adequately ac- 
count for confounding factors and consequently drawing 
conclusions from spurious correlations. In analyzing real 
crashes, it is generally very difficult to sort out “vehicle” 
effects from driver behavior and environmental conditions. 
Because the driver is generally a far more important deter- 
minant of crash occurrences than the vehicle and a signifi- 
cant factor in the outcomes, even small confounding errors 
can lead to seriously erroneous results. Evans (1991, pp. 92- 
93), for example, cites research indicating that the road user 
is identified as a major factor in 95 percent of traffic crashes 
in the United Kingdom and 94 percent in the United States. 
The road environment is identified as a major factor in 28 
percent and 34 percent of U.K. and U.S. crashes, respec- 
tively, while the comparable numbers for the vehicle are 8 
and 12 percent. Of the driver, environment, and vehicle, the 
vehicle is the least important factor in highway fatalities. 
Moreover, there are complex relations among these factors: 
Younger drivers tend to drive smaller cars, smaller cars are 
more common in urban areas, older drivers are more likely 
to be killed in crashes of the same severity, and so on. To 
isolate the effects of a less important factor from the effects 
of more important yet related factors is often not possible. In 
the case of vehicle weight and overall societal highway 
safety, it appears that there are not adequate measures of 
exposure with which to control for confounding factors so as 
to isolate the effects of weight alone. 

THE PROBLEM IS COMPLEX 
Part of the difficulty of estimating the true relationships 

between vehicle weight and highway safety is empirical: real- 
ity presents us with poorly designed experiments and incom- 
plete data. For example, driver age is linearly related to ve- 
hicle weight (Joksch, personal communication, June 19, 
2001), and vehicle weight, size, and engine power are all 
strongly correlated. This makes it difficult to disentangle 
driver effects from vehicle effects. As another example, pe- 
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destrian fatalities are most concentrated in dense urban areas, 
where smaller vehicles predominate. In Washington, D.C., 42 
percent of traffic fatalities are pedestrians; in Wyoming only 3 
percent arc pedestrians (Evans, 1991, p. 4). Failing to accu- 
rately account for where vehicles are driven could lead one to 
conclude that smaller vehicles are more likely to hit pedestri- 
ans than larger vehicles. Measures of vehicle exposure with 
which to control for confounding influences of drivers, envi- 
ronment, and other vehicle characteristics are almost always 
inadequate. Under such circumstances it is all too easy for 
confounding effects to result in biased inferences. 

Another part of the problem is the systematic nature of the 
relationships. To fully analyze the effect of weight on safety, 
one must consider its impacts on both the probability of a 
crash (crash involvement) and the consequences of a crash 
(crashworthiness or occupant protection). Crashes among all 
types of highway users must be considered-not just crashes 
between passenger cars, or even all light-duty vehicles, but 
also crashes between light vehicles and heavy trucks, pedes- 
trians, and cyclists, as well as single-vehicle crashes. 

Only one study has attempted to fully address all of these 
factors. That is the seminal study done by C. Kahane of the 
National Highway Traffic Safety Administration (Kahane, 
1997). No other study includes pedestrian and cyclist fatali- 
ties. No other study also explicitly addresses crash involve- 
ment and occupant protection. Kahane’s study stands alone 
as a comprehensive, scientific analysis of the vehicle weight 
and safety issue. It makes the most important contribution to 
our understanding of this issue that has been made to date. 

But even Kahane’s study has important limitations. As 
the author himself noted, he was unable to statistically sepa- 
rate the effects of vehicle size from those of vehicle weight. 
This would have important implications if material substitu- 
tion becomes the predominant strategy for reducing vehicle 
weight, since material substitution allows weight to be re- 
duced without reducing the size of vehicles. Both the steel 
and aluminum industries have demonstrated how material 
substitution can produce much lighter vehicles without re- 
ducing vehicle dimensions (e.g., see, NRC, 2000, pp. 46- 
49). Not only prototype but also production vehicles have 
confirmed the industries’ claims that weight reductions of 
10 to 30 percent are achievable without reducing vehicle size. 

Kahane’s analysis (1997) is thorough and careful. It de- 
tails at length the approximations and assumptions necessi- 
tated by data limitations. These have also been enumerated 
in two critical reviews of the work by the NRC (North, 1996) 
and industry consultants (Pendelton and Hocking, 1997). We 
will not belabor them here. It is important, however, to re- 
peat the first finding and conclusion of the panel of eight 
experts who reviewed the Kahane (1 997) study, because it is 
identical to our view of this issue. We quote the panel’s No. 
1 finding and conclusion in full. 

I .  The NHTSA analysts’ most recent estimates of vehicle 
weight-safety relationships address many of the deficiencies 

of earlier research. Large uncertainties in the estimates re- 
main, however, that make it impossible to use this analysis 
to predict with a reasonable degree of precision the societal 
risk of vehicle downsizing or downweighting. These uncer- 
tainties are elaborated below. (North, 1996, p. 4.) 

Despite these limitations, Kahane’s analysis is far and 
away the most comprehensive and thorough analysis of this 
subject. We will return to it below for insights on several 
issues. 

THE LAWS OF PHYSICS 
There is no fundamental scientific reason why decreasing 

the mass of all highway vehicles must result in more injuries 
and fatalities. In debates about CAFE and safety, it has fre- 
quently been claimed that the laws of physics dictate that 
smaller, lighter vehicles must be less safe. This assertion is 
quite true from the perspective of a single private individual 
considering his or her own best interests and ignoring the 
interests of others, but it is false from a societal perspective. 
Therefore, the safety issues surrounding a general down- 
weighting or downsizing of highway vehicles are concerned 
with the details of how vehicle designs may change, differ- 
ences in the performance of lighter weight materials, the pre- 
cise distribution of changes in mass and size across the fleet, 
and interactions with other highway users. 

The One Point on Which Everyone Agrees 

There is no dispute, to the best of our knowledge, that if a 
collision between two vehicles of different mass occurs, the 
occupants of the heavier vehicle will generally fare better 
than the occupants of the lighter vehicle. The evidence on 
this point is massive and conclusive, in our opinion. This 
conclusion is founded in the physical laws governing the 
changes in velocity when two objects of differing mass col- 
lide. In a direct head-on collision, the changes in velocity 
(Av) experienced by two objects of differing mass are in- 
versely proportional to the ratio of their masses (Joksch et 
al., 1998, p. I l), as shown in the following equations: 

Because the human body is not designed to tolerate large, 
sudden changes in velocity, Av, correlates extremely well 
with injuries and fatalities. Empirically, fatality risk in- 
creases with the fourth power of Av (Joksch et al., 1998). 
The implications are extreme. If vehicle 2 weighs twice as 
much as vehicle 1, the fatality risks to occupants of vehicle 1 
will be approximately z4 = 16 times greater than those to the 
occupants of vehicle 2 in a head-on coIIision. Lighter ve- 
hicles will generally experience greater Av’s than heavier 
vehicles, and their occupants will suffer greater injuries as a 
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result. Evans (199 1, p. 95) has summarized this relationship 
in two laws: 

When a crash occurs, other factors being equal, 

1. The lighter the vehicle, the less risk posed to other road 
users. 
2. The heavier the vehicle, the less risk posed to its occu- 
pants. 

Evans’ two laws make it clear that there are winners and 
losers in the mass equation. In free markets, this relationship 
causes a kind of market failure called an externality, which 
leads to oversized and overweighed vehicles. This market 
failure, combined with the aggressive designs of many 
heavier vehicles, is very likely a much more important soci- 
etal safety concern than improving fuel economy. It is well 
known that in collisions with sport utility vehicles, pick-up 
trucks, and vans, car drivers are at a serious safety disadvan- 
tage, not only because of the disparity in vehicle weights but 
because of the aggressivity of light-truck designs (Joksch, 
2000). 

The simple relationship expressed by equation (1) tells us 
two important things. First, suppose that the masses of both 
vehicle 1 and vehicle 2 are reduced by 10 percent. This is 
equivalent to multiplying both mz and ml by 0.9. The result 
is a canceling of effects and no change in the Av’s. Thus, this 
simple application of the laws of physics would predict that 
a proportionate downweighting of all light vehicles would 
result in no increase in fatalities or injuries in two-car 
crashes. We emphasize this point because it is entirely con- 
sistent with the findings of Kahane’s seminal study (1997) 
of the effects of downsizing and downweighting on traffic 
fatalities. Second, the distribution of vehicle weights is im- 
portant. Because the probability of fatalities increases at an 
increasing rate with Av, a vehicle population with widely 
disparate weights is likely to be less safe than one with more 
uniform weight, at any overall average weight. 

IN COLLISIONS BETWEEN VEHICLES OF THE SAME 
WEIGHT, IS LIGHTER OR HEAVIER BETTER? 

Kahane’s results (1997) suggest that in car-to-car or light 
truck-to-light truck collisions, if both vehicles are lighter, 
fatalities are reduced. The signs of the two coefficients quan- 
tifying these effects are consistent for the two vehicle types, 
but neither is statistically significant. Focusing on the crash- 
worthiness and aggressivity of passenger cars and light 
trucks in collisions with each other, Joksch et al. (1998) stud- 
ied fatal accidents from 1991 to 1994 and found stronger 
confirmation for the concept that more weight was, in fact, 
harmful to safety. 

In their analysis of the effects of weight and size in pas- 
senger car and light-truck collisions, Joksch et al. (1998) 
paid special attention to controlling for the age of the occu- 
pants and recognizing nonlinear relationships between key 
variables. Their analysis led them to two potentially very 
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important conclusions: (1) increased weight of all cars was 
not necessarily a good thing for overall safety and (2) greater 
variability of weights in the vehicle fleet was harmful. 

Among cars, weight is the critical factor. Heavier cars im- 
pose a higher fatality risk on the drivers of other cars than 
lighter cars. A complement to this effect is that the driver 
fatality risk in the heavier car is lower. However, the reduc- 
tion in  the fatality risk for the driver of the heavier car is less 
than the increase of the fatality risk for the driver of the 
lighter car. Thus, the variation of weight among cars results 
in a net increase of fatalities in collisions. (Joksch et al., 
1998, p. 62.) 

Studies like those of Kahane (1997) and Joksch et al. 
(1998j that take greater pains to account for confounding 
factors appear to be less likcly to find that rcducing weight is 
detrimental to highway safety in vehicle-to-vehicle crashes 
than studies that make little or no attempt to control for con- 
founding factors. This suggests to us that confounding fac- 
tors are present and capable of changing the direction of a 
study’s conclusions. 

FINALLY, ALL THINGS CONSIDERED (KAHANE) 
The most comprehensive assessment of the impacts of 

vehicle weight and size on traffic safety was undertaken by 
the National Highway Traffic Safety Administration, partly 
in response to a request from the 1992 NRC study Automo- 
tive Fuel Economy. The NRC study pointed out that a soci- 
etal perspective that included all types of crashes and all 
highway users was needed, and that crash involvement as 
well as crashworthiness needed to be considered. The 1992 
NRC study also noted the possibility that the downweighting 
of vehicles could increase or decrease fatalities, depending 
on the resulting weight distribution. Kahane’s study (1997) 
attempted to address all of these issues. Because of its  thor- 
oughness, technical merit, and comprehensiveness, it stands 
as the most substantial contribution to this issue to date. 

Based on traffic fatality records for model years 1985 to 
1993, Kahane (1997) estimated the change in fatalities at- 
tributable to 100-lb reductions in the average weight of pas- 
senger cars and light trucks. The author carefully and 
prominently notes that the data and model did not allow a 
distinction between weight and other size parameters such 
as track width or wheelbase. This implies that the 100-lb 
downweighting includes the effects of whatever down- 
sizing is correlated with it in the fleet under study. The 
report also meticulously documents a number of data prob- 
lems and limitations, and the procedures used to circum- 
vent them. While these problems have important irnplica- 
tions for interpreting the study’s results (more will be said 
on this subject below), in our opinion, the seriousness and 
professionalism with which Kahane tried to address them 
cannot be questioned. 

Perhaps the most interesting implication of Kahane’s 
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TABLE A-1 Estimated Effects of a 10 Percent Reduction in the Weights of Passenger 
Cars and Light Trucks 

Cars Light Trucks 

Type of Fatalities in Effect Change in Fatalities in Effect Change in 
Crash 1993 Crashes (%) Fatalities 1993 Crashes (%) Fatalities 

Single-vehicle 
Rollover 1,754 4.58 272 1,860 0.81 67 
Object 

Subtotal 
7,456 1.12 283 3,263 

555 
1.44 208 

275 

Crashes with others 
Pedestrian 4,206 -0.46 -66 2,217 -2.03 -199 
Big truck 2,648 1.40 126 1,111 2.63 129 
CU 5.025 -0.62 -105 5,751 -1.39 -354 

Subtotal 467 4 5  I 
Light truck 5.751 2.63 512 1.110 -0.54 -27 

Subtotal single-vehicle crashes: 555 + 275 = 830 
Subtotal crashes with others: 467 - 451 =‘ 

Total 846 * 147 

NOTE: Weight reductions of 10 percent in MY 2000 vehicles are assumed to be 338.6 Ib (0.1 x 3,386) for 
passenger cars and 443.2 Ib (0.1 x 4,432) for light trucks. SOURCE: Based on Kahane (1997). tables 6-7 and 
6-8. 

(1997) study has received little attention. Following the logic 
of the simple laws of physics of equation (l), one would 
predict that if the weight of all light-duty vehicles were re- 
duced by an equal proportion, there would be no change in 
fatalities in crashes among these vehicles. Calculating a 10 
percent change in weight for model year 2000 passenger cars 
and light trucks, and applying Kahane’s estimates of the per- 
cent changes in fatalities per 100 Ib of weight, one sees that 
Kahane’s model also predicts little or no change in fatalities. 
The calculations are shown in Table A-1 . Adding the change 
in fatalities in car-to-car, car-to-light truck, light truck-to- 
light truck, and light truck-to-car collisions produces a net 
change of +26, a result that is not close to being statistically 
different from zero.] Of course, the simple laws of physics 
say nothing about crash avoidance, which Kahane’s study 
partially addresses. NonetheIess, these results provide em- 
pirical evidence that, from a societal perspective, an appeal 
cannot be made to the laws of physics as a rational for the 
beneficial effects of weight in highway crashes. Of course, if 
cars are downweighted and downsized more than light 
trucks, the increased disparity in weights would increase fa- 
talities. Conversely, if trucks are downsized and down- 
weighted more than cars, the greater uniformity would re- 
duce fatalities. These results are also entirely consistent with 
the conclusions of Joksch et al. (1998). 

Other studies have predicted substantial increases in fatali- 

’The authors confirmed with Dr. Kahane that the calculations shown in 
Table A-1 were consistent with the proper interpretation of his model. 

ties for just such vehicle-to-vehicle collisions (e.g., Partyka, 
1989; Lund et al., 2000). But these studies make much more 
modest attempts to correct for confounding factors. The 
Kahane (1997) and Joksch et aI. (1998) studies suggest that 
the more thoroughly and carefully one controls for confound- 
ing effects, the weaker the apparent relationships between ve- 
hicle weight and highway fatalities become. This is evidence, 
albeit inconclusive, that adequately correcting for confound- 
ing effects might reduce or even eliminate the correlations 
between weight and overall highway safety. 

Kahane’s study also found that downweighting and 
downsizing cars and light trucks would benefit smaller, 
lighter highway users (pedestrians and cyclists). But the ben- 
efits to pedestrians are approximately canceled by the harm- 
ful effects to light-duty-vehicle occupants in collisions with 
larger, heavier highway vehicles (Le., trucks and buses). 
Kahane’s finding that downweighting and downsizing are 
beneficial to pedestrians and cyclists is important because 
no other study includes impacts on pedestrians, a fact that 
biases the other studies toward finding negative safety irn- 
pacts. An important result is that in downsizing and down- 
weighting light-duty vehicles, there will be winners and 
losers. Including pedestrians, cyclists, and heavy truck colli- 
sions leads to an even smaller net change for collisions 
among all highway users of +16, again not close to being 
statistically different from zero. 

The bottom line is that if the weights of passenger cars 
and light trucks are reduced proportionally, Kahane’s study 
predicts that the net effect on highway fatalities in collisions 
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among all highway users is approximately zero. Given the 
history of the debate on this subject, this is a startling result. 

The story for single-vehicle accidents, however, is not 
good. Kahane’s model predicts that fatalities in rollovers 
would increase by over 300 and fatalities in fixed object 
crashes by almost 500, for a total of 800 more annual fatali- 
ties. These numbers are statistically significant, according to 
the model. Thus, the predicted increase in fatalities due to 
downweighting and downsizing comes entirely in single- 
vehicle accidents. This is puzzling because there appears to 
be no fundamental principle that underlies it. Rollover pro- 
pensity and crashworthiness in collisions with fixed objects 
should, with the exception of crashes with breakable or de- 
formable objects, be a matter of vehicle design rather than 
mass. This issue will be taken up next. 
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WHY QUESTION THE RESULTS FOR SINGLE-VEHICLE 
ACCl DENTS? 

Kahane’s results (1 997) for single-vehicle accidents are 
suspect, though not necessarily wrong, because other objec- 
tive measures of rollover stability and crashworthiness in 
head-on collisions with fixed objects are not correlated with 
vehicle weight. An advantage of crash test data and engi- 
neering measurements is that they are controlled experiments 
that completely separate vehicle effects from driver and en- 
vironmental effects. A disadvantage is that they may over- 
simplify real-world conditions and may measure only part of 
what is critical to real-world performance. Nonetheless, the 
fact that such objective measures of vehicle crashworthiness 
and rollover potential do not correIate with vehicle weight is 
cause for skepticism. 

In Figures A-1 and A-2 we show the National Highway 
Traffic Safety Administration’s five-star frontal crash test 
results for MY 2001 passenger cars plotted against vehicle 
weight (NHTSA, 2001). What is clear to the naked eye is 
confirmed by regression analysis. There is no statistically 
significant relationship between mass and either driver-side 
or passenger-side crash test performance. 

A plausible explanation for this result may lie in the fact 
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FIGURE A-I NHTSA passenger-side crash ratings for M y  2001 
passenger cars. 
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that as mass is reduced, the amount of kinetic energy that a 
vehicle must absorb in a crash is proportionately reduced. Of 
course, the material available to absorb this energy must also 
be reduced and, other things equal, so would the distance 
over which the energy can be dissipated (the crush space). 
However, vehicle dimensions tend to decrease less than pro- 
portionately with vehicle mass. Wheelbase, for example, 
decreases with approximately the one-fourth power of mass. 
That is, a 10 percent decrease in mass is associated with 
roughly a 2.5 percent decrease in vehicle wheelbase. With 
mass decreasing much faster than the length of structure 
available to absorb kinetic energy, it may be possible to 
maintain fixed-object crash performance as mass is reduced. 
The NHTSA crash test data suggest that this has, in fact, 
been done. 

So we are left with the question, If lighter vehicles fare as 
well in fixed-barrier crash tests as heavier vehicles, why 
should Kahane’s results (1997) indicate this as one of the 
two key sources of increased fatalities? There are several 
possibilities. First, despite Kahane’s best efforts, confound- 
ing of driver, environment, and vehicle factors is very likely. 
Second, the crash tests could be an inadequate reflection of 
real-world, single-vehicle crash performance. Third, the dif- 
ference could, in part, be due to the ability of vehicles with 
greater mass to break away or deform objects. 

The issue of collisions with breakable objects was inves- 
tigated by Partyka (1995), who found that there was indeed a 
relationship between mass and the likelihood of damaging a 
tree or pole in a single-vehicle crash. Partyka (1995) exam- 
ined 7,452 vehicle-to-object crashes in the National Acci- 
dent Sampling System. Light-duty vehicles were grouped by 
500-lb increments and the relationships between weight and 
the probability of damaging a tree or pole estimated for the 
3,852 records in which a tree or pole was contacted. Partyka 
concluded, 

It appears that about half of vehicle-to-object crashes in- 
volved trees and poles, and about a third of these trees or 
poles were damaged by the impact. Damage to the tree or 
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pole appears more likely for heavier vehicles than for lightex 
vehicles in front impacts, but not in side impacts. 

When front and side impacts are combined, the result is an 
uneven relationship between mass and the probability of dam- 
aging a tree or pole, but one which generally indicates increas- 
ing probability of damage to the object with increasing ve- 
hicle mass. Figure A-3 shows the percent of time a tree or pole 
will be damaged by collision with passenger cars given a col- 
lision with a fixed object. Frontal and side impacts have been 
combined based on their relative frequency (Partyka, 1995, 
table 2). Roughly, the data suggest that the chances of break- 
ing away an object may increase by 5 percent over a greater 
than 2,000-lb change in weight, an increase in breakaway 
probability of 0.25 percent per 100 Ib. If one assumes that a 
life would be saved every time a pole or a tree was damaged 
owing to a marginal increase in vehicle weight (in what other- 
wise would have been a fatal accident), then the breakaway 
effect could account for about 100 fatalities per year per 10 
percent decrease in light-duty vehicle weight. This is about 1 
percent of annual fatalities in single-vehicle crashes with fixed 
objects but still represents a large number of fatalities and a 
potentially important concern for downweighted vehicles. 
While the assumption that one life would always be saved if a 
tree or pole broke away is probably extreme, on the other hand 
objects other than trees and poles can be moved or deformed. 

But Partyka's study (1995) is also incomplete in that it 
does not address crash avoidance. To the extent that smaller 
and lighter vehicles may be better able to avoid fixed objects 
or postpone collision until their speed is reduced, there could 
conceivably be crash avoidance benefits to offset the reduced 
ability to break away or deform fixed objects. The net result 
is not known. 

ARE LIGHTER CARS MORE LIKELY TO ROLL OVER? 
The other large source of single-vehicle fatalities based 

on Kahane's analysis (1997) is rollover crashes. Others have 
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also found that rollover propensity is empirically related to 
vehicle mass (e.g., GAO, 1994; Farmer and Lund, 2000). It 
is tempting to attribute these empirical results to an inherent 
stability conferred by mass. But there is good reason to doubt 
such an inference. 

The stability of vehicles depends on their dimensions, 
especially track width, and the height of their center of grav- 
ity. If downweighting and downsizing imply a reduction in 
track width or a raising of a vehicle's center of gravity, the 
result would be greater instability. Data provided by NHTSA 
on its measurements of the Static Stability Factor (SSF)2 of 
M y  2001 passenger cars and light trucks indicates that there 
is no relationship between SSF and vehicle weight within the 
car and truck classes (Figure A-4) (data supplied by G.J. 
Soodoo, Vehicle Dynamics Division, NHTSA, 2001). How- 
ever, combining passenger cars and light trucks, one sees 
stability decreasing as vehicle weight increases. This is en- 
tirely due to the lesser stability of light trucks as a class. 

One clear inference is that a vehicle's rollover stability 
based solely on the SSF is a matter of design and not inher- 
ent in its weight. Certainly, real-world performance may be 
far more complicated than can be captured even by theoreti- 
cally valid and empirically verified measures of stability. On 
the other hand, the difficulty of sorting out confounding in- 
fluences may also be biasing the results of statistical analy- 
ses based on real-world crashes. What raises doubts is the 
fact that a theoretically valid measure of vehicle stability 
shows no relation (or a negative relation if trucks are in- 
cluded) to vehicle weight. Given this, it is reasonable to sur- 
mise that some other, uncontrolled factors may account for 
the apparent correlation between vehicle weight and rollover 
fatalities. 

THE BIG PICTURE (TIME SERIES DATA) 
From a cursory examination of overall trends in fatality 

rates and light-duty vehicle fuel economy, it appears that the 
two move in opposite directions: fatality rates have been 
going down; fuel economy has been going up (Figure A-5). 
But the trend of declining fatality rates antedates fuel 
economy standards and can be observed in nearly every 
country in the world. Can anything be learned by statistical 
analysis of aggregate national fatality and fuel economy 
trends? Probably not. 

The question is relevant because one of the earliest and 
most widely cited estimates of the effects of CAFE standards 
on traffic fatalities comes from a study by Crandall and Gra- 
ham (1989) in which they regressed highway fatality rates 
against the average weight of cars on the road and other vari- 
ables. The data covered the period 1947 to 1981. CAFE stan- 
dards were in effect for only the last 4 years of this period, but 

Vehicle Weight Class 
2NHTSA'~ SSF is defined as a vehicle's average track width divided by 

FIGURE A-3 Estimated frequency of damage to a tree or pole 
given a single-vehicle crash with a fixed object. 

twice the height of its center of gravity. It is measured with a driver in the 
vehicle. 
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FIGURE A-4 NHTSA static stability factor vs. total weight for 
M y  2001 vehicles. 

had been known for the last 6. Statistically significant effects 
of weight were found in 3 of 4 regressions presented, but other 
variables one might have expected to be statistically signifi- 
cant-including income, fraction of drivers aged 15-25, con- 
sumption of alcohol per person of drinking age, and measures 
of speed-were generally not significant. 

Time-series regressions including variables with clear 
time trends, such as the declining trend of highway fatalities, 
are notorious for producing spurious correlations. One tech- 
nique for removing such spurious correlations is to carry out 
the regressions on the first differences of the data. First 
differencing removes linear trends but retains the informa- 
tion produced when variables deviate from trendlines. Al- 
though it typically produces much lower correlation coeffi- 
cient (R2) values, it is generally regarded as producing more 
robust estimates. 

We regressed total U.S. highway fatalities directly against 
light-duty-vehicle fuel economy and several other variables 
using first differences and first differences of the logarithms 
of the variables. The data covered the period 1966 to 1999 
(data and sources available from the authors on request). No 
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FIGURE A-5 Traffic fatality rates and on-road light-duty miles per 
gallon, 1996-2000. 

statistically significant relationship between the on-road fuel 
economy of passenger cars and light trucks and highway fa- 
talities was found in any of the many model formulations we 
tried. Other variables tested included real GDP, total vehicle 
miles of highway travel, total population, the price of motor 
fuel, the product of the shares of light-truck and car travel, 
and the years in which the 55-mph speed limit was in effect. 
Only GDP and the 55-mph speed limit were statistically sig- 
nificant. The speed dummy variable assumes a value of 1 in 
1975, when the 55-mph speed limit was implemented, and 
drops thereafter to 0.5 in 1987, when it was lifted for rural 
interstates, and then to 0 in 1995 and all other years. This 
variable may also be picking up the effects of gasoline short- 
ages in 1974. Most often, miles per gallon appeared with a 
negative sign (suggesting that as fuel economy increases, 
fatalities decline), but always with a decidedly insignificant 
coefficient, as shown in typical results illustrated by the fol- 
lowing equation: 

lOg,(F,) - log,(F,_,) = -0.0458 + 1.33[10g,(GDP,) - log,(GDP,-,)] 
- 0.0875(0, - D,-,) - 0.1 12[loge(mpg$ 
- 1ogc(mpg,-,)l Adj. R2 = 0.57 

All variables except mpg are significant at the 0.01 level 
based on a two-tailed t-test. The P-value for mpg is 0.69, 
indicating that the odds of obtaining such a result if the true 
relationship is zero are better than two in three. The constant 
suggests that fatalities would decline at 4.6 percent per year 
if GDP (i.e., the size of the economy) were not growing. 

We present these results here only because they demon- 
strate that the aggregated national data covering the entire 
time in which fuel economy standards have been in effect 
and a decade before show not the slightest hint of a statisti- 
cally significant relationship between light-duty-vehicle fuel 
economy and highway traffic fatalities. The idea that a clear 
and robust relationship can be inferred from aggregated na- 
tional data is not supportable. 

SUMMARY 
The relationships between vehicle weight and safety are 

complex and not measurable with any reasonable degree of 
certainty at present. The relationship of fuel economy to 
safety is even more tenuous. But this does not mean there is 
no reason for concern. Significant fuel economy improve- 
ments will require major changes in vehicle design. Safety is 
always an issue whenever vehicles must be redesigned. 

In addition, the distribution of vehicle weights is an im- 
portant safety issue. Safety benefits should be possible if the 
weight distribution of light-duty vehicles could be made 
more uniform, and economic gains might result from even 
partly correcting the negative externality that encourages 
individuals to transfer safety risks to others by buying ever 
larger and heavier vehicles. 

Finally, it appears that in certain kinds of accidents, re- 
ducing weight will increase safety risk, while in others it 
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may reduce it. Reducing the weights of light-duty vehicles 
will neither benefit nor harm all highway users; there will be 
winners and losers. All of these factors argue for caution in 
formulating policies, vigilance in testing vehicles and moni- 
toring safety trends, and continued efforts to increase under- 
standing of highway safety issues. 

In conclusion, we again quote from the conclusions of the 
eight-member NRC panel convened to evaluate Kahane’s 
analysis (1997) of the weight and safety issue. 

Nonetheless, the committee finds itself unable to endorse the 
quantitative conclusions in the reports about projected high- 
way fatalities and injuries because of the large uncertainties 
associated with the results-uncertainties related both to the 
estimates and to the choice of the analytical model used to 
make the estimates. Plausible arguments exist that the total 
predicted fatalities and injuries could be substantially less, or 
possibly greater, than those predicted in the report. Moreover, 
possible model misspecification increases the range of uncer- 
tainty around the estimates. Although confidence intervals 
could be estimated and sensitivity analyses conducted to pro- 
vide a better handle on the robustness of the results, the com- 
plexity of the procedures used in the analysis, the ad hoc ad- 
justments to overcome data limitations, and model-related 
uncertainties are likely to preclude a precise quantitative as- 
sessment of the range of uncertainty. (North, 1996. p. 7.) 

Although Kahane (1997) did estimate confidence inter- 
vals and did partially address some of the other issues raised 
by the NRC committee, it was not possible to overcome the 
inherent limitations of the data that real-world experience 
presented. The NRC committee’s fundamental observations 
remain as valid today as they were in 1996. 
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Ph.D. in geography and environmental engineering from the 
Johns Hopkins University in 1978. Dr. Greene spent 1988 
and 1989 in Washington, D.C., as a senior research analyst 
in the Office of Domestic and International Energy Policy, 
Department of Energy (DOE). He has published over 150 
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the first editor in chief of the Journal of Transportation and 
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John H. Johnson is Presidential Professor, Department of 
Mechanical Engineering-Engineering Mechanics, Michigan 
Technological University (MTU) and a fellow of the Society 
of Automotive Engineers. His experience spans a wide range 
of analysis and experimental work related to advanced en- 
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simulation. He was previously project engineer, U.S. Army 
Tank Automotive Center, and chief engineer, Applied En- 
gine Research, International Harvester Co., before joining 
the MTU mechanical engineering faculty. He served as 
chairman of the MTU mechanical engineering and engineer- 
ing mechanics department from 1986 until 1993. He has 
served on many committees related to engine technology, 
engine emissions, and health effects, including committees 
of the Society of Automotive Engineers, the National Re- 
search Council, the Combustion Institute, the Health Effects 
Institute, and the Environmental Protection Agency, and he 
consults for a number of government and private sector in- 
stitutions. In particular, he served on the NRC Committee on 
Fuel Economy of Automobiles and Light Trucks and its 
Committee on Advanced Automotive Technologies Plan and 
was chair of the Committee on Review of DOE’S Office of 
Heavy Vehicle Technologies. He received his Ph.D. in me- 
chanical engineering from the University of Wisconsin. 

Maryann N. Keller was the president of priceline.com’s 
Auto Services division until November 2000. Before that, 
Ms. Keller spent nearly 28 years on Wall Street, including 
positions at Kidder Peabody & Co., Paine Webber, and 
Vilas-Fischer Associates, and was the managing director of 
Furman Selz Incorporated. She was named one of the top 
three auto analysts on Wall Street for 12 consecutive years. 
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appeared on numerous television and radio programs in the 
United States, Europe, and Japan and has been a frequent 
guest on business and financial programs aired on 

Bloomberg, CNN, and CNBC. Her first book, Rude Awak- 
ening: The Rise, Fall and Struggle to Recover at General 
Motors, was published in 1989 by William Morrow. Colum- 
bia University awarded her the prestigious Eccles prize for 
her book. Her second book, Collision: GM, Toyota and 
Volkswagen and the Race to Own the Twenty-First Cenhuy, 
was published by Doubleday in 1993. She has a B.S. in 
chemistry from Rutgers University and an MBA in finance 
from the Bernard Baruch School, City University of New 
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Charles A. Lave is professor of economics (emeritus) at the 
University of California, Irvine, and associate director of the 
Institute of Transportation Studies. He received a Ph.D. in 
economics from Stanford University. He has been a visiting 
scholar at Berkeley, Stanford, and the Massachusetts Insti- 
tute of Technology. He was chair of the department of eco- 
nomics at the University of California, Irvine, for three terms. 
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servation of transportation energy. 
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the Insurance Institute for Highway Safety (IIHS), where he 
has overall responsibility for research programs at the Insti- 
tute and its affiliate, the Highway Loss Data Institute. Before 
coming to IIHS in 1981 as a psychologist and behavioral 
scientist, he was an assistant professor in the Department of 
Behavioral Sciences and Community HeaIth at the Univer- 
sity of Connecticut School of Dental Medicine. Since join- 
ing the institute, Dr. Lund has participated in and directed 
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member of the Society of Automotive Engineers, the Ameri- 
can Public Health Association, and the American Psycho- 
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Manufacturers, the Automotive Occupant Restraints Coun- 
cil, and the Insurance Institute for Highway Safety. 

Phillip S. Myers (NAE) is emeritus distinguished research 
professor and former chairman of the Department of Me- 
chanical Engineering, University of Wisconsin, Madison, 
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and a fellow of the American Society of Mechanical Engi- 
neers, the Society of Automotive Engineers (SAE), and the 
American Association for the Advancement of Science 
(AAAS). He was the president in 1969 of the SAE and has 
served on numerous NRC committees, including the Com- 
mittee on Fuel Economy of Automobiles and Light Trucks, 
the Committee on Toxicological and Performance Aspects 
of Oxygenated Motor Vehicle Fuels, the Committee on Ad- 
vanccd Automotive Technologies Plan, and the Committee 
on Review of the DOE’s Office of Heavy Vehicle Technolo- 
gies. He is a fellow of the SAE and the AAAS. He is a mem- 
ber of the NationaI Academy of Engineering. His research 
interests include internal combustion engines, combustion 
processes, engine emissions, and fuels. He has a Ph.D. in 
mechanical engineering from the University of Wisconsin, 
Madison. 

Gary W. Rogers is president, CEO, and sole director of 
FEV Engine Technology, Inc. He is also vice president of 
North American Operations, FEV Motorentechnik GmbH. 
Earlier, he was director, Power Plant Engineering Services 
Division, and senior analytical engineer, Failure Analysis 
Associates, Inc.; design development engineer, Garrett Tur- 
bine Engine Company; and exploration geophysicist, Shell 
Oil Company. He has extensive experience in research, de- 
sign, and development of advanced engine and powertrain 
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car diesel engines, heavy-duty diesel engines, hybrid vehicle 
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Kennedy School of Government at Harvard University. He 
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Group. He is a member of the Board of Directors of the En- 
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ber of the Committee on Review of DOE’s Office of Heavy 
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in chemical engineering from Tufts University and a Ph.D. 
in chemistry from the Massachusetts Institute of Technol- 
ogy. 
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1. Committee Meeting, National Academy of Sciences, 
Washington, D.C., February 2-5,2001 
Introductions 
Paul R. Porfney, committee chair 

Expectations for study; how the current CAFE 

Linda Lawson, U.S. Department of Transportation, 

Noble Bowie, National Highway Trafic Safety 

program operates 

Office of Policy 

Administration 

EPA’s role in CAFE; brief review of the case for 

Chris Grundler and Jeff Alson, Environmental 
reducing carbon emissions 

Protection Agency 

DOE’S advanced research, including PNGV; 
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imports 
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Automobile company programs and perspectives 
Josephine S. Cooper, CEO, Alliance of Automobile 
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John DeCicco, independent analyst 
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Steve Plotkin, Argonne National Laboratory 

The PNGV Program 
U.S. Council for Automotive Research (USCAR) 
Ronald York, General Motors 
Steve Zimmer, DaimlerChrysler 
Mike Schwarz, Ford Motor Company 

GAO report Automobile Fuel Economy (2000) 
Bob White and David Lichtenfeld, General Accounting 
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Voluntary fuel economy standards in Europe and Japan 
Steve Plotkin, Argonne National Laboratory 

The need for fuel economy standards 
Ann MesnikofJ; Sierra Club 

Consumer choice 
Diane Steed, Derek Crandall, Chris Wysocki, and 
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MIT report On the Road in 2010 
Malcolm Weiss, Energy Laboratory, MIT 

Vehicle safety 
Charles Kahane, National Highway Trafic Safety 

Administration 

Safety implications of CAFE 
Sam Kazman, Competitive Enterprise Institute 

Fuel economy and safety issues 
Clarence Ditlow, Cenfer for Auto Safety 

2. Committee Subgroup Meeting, Massachusetts In- 
stitute of Technology, Cambridge, Massachusetts, 
February 15-16,2001 
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4. 

5. 

6. 

Committee Subgroup Site Visits to General Motors, 
Troy, Michigan; Ford Motor Company, Dearborn, 
Michigan; and DaimlerChrysler, Auburn Hills, 
Michigan, March 1-2,2001 

Committee Subgroup Meeting, Stanford, California, 
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Committee Meeting, National Academy of Sciences, 
Washington, D.C., March 12-14,2001 

Automobile industry plans 
Timothy MacCarthy, President and CEO, Association 

John German, Manager, Environmental and Energy 
of international Automobile Manufacturers 

Analysis, Honda Motor Company 

New developments in vehicle technology 
Peter Peterson, Director of Marketing, US.  Steel 
Richard Klimisch, Vice President, Automotive 

Aluminum Association 

Potential for high-economy vehicles 
David Friedman, Union of Concerned Scientists 
Roland Hwang, Natural Resources Defense Council 

Safety 
Leonard Evans, Science Serving Society 
Marc Ross, University of Michigan 
Ken Digges, George Washington University 
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Douglas Greenhaus, Director of Environment, Health 

& Safety, National Automobile Dealers Association 
(NADA) 

Ronald Blum, Economist, United Auto Workers (UAW) 

Committee Subgroup Site Visits to Honda North 
America, Tnc., Torrance, California, and Toyota 
Motor North America, Inc., Torrance, California, 
March 22-23,2001 
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7. Site Visits to Panasonic EV Energy, Mitsubishi, and 
Nissan, Tokyo, Japan, March 25-31,2001 

8. Committee Subgroup Meeting, Association of Inter- 
national Automobile Manufacturers, Honda, and 
Subaru, Rosslyn, Virginia, March 29,2001 

9. Committee Subgroup Meeting, Alliance of Automo- 
bile Manufacturers, Washington, D.C., March 30, 
2001 

10. Site Visits to Volkswagen Audi (Ingolstadt), Daimler 
Chrysler (Stuttgart), Porsche (Weissach), and 
Siemens (Regensburg), Germany, April 57 ,2001  

11. Committee Meeting, National Academy of Sciences, 
Washington, D.C., April 16-17,2001 

Technology options for improving fuel economy 
John DeCicco, consultant 

12. Committee Subgroup Meeting, Stanford, California, 
April 25,2001 

13. Committee Subgroup Meeting, Stanford, California, 
April 26,2001 

14. Committee Meeting, National Academy of Sciences, 
Washington, D.C., May 2-4,2001 

15. Committee Subgroup Meeting, FEV Engine Tech- 
nology, Inc. Auburn Hills, Michigan, May 11,2001 

16. Committee Meeting, National Academy of Sciences, 
Washington, D.C., May 29-30,2001 

17. Committee Meeting, National Academy of Sciences, 
Washington, D.C., June 14-15,2001 

18. Committee Meeting, National Academy of Sciences, 
Washington, D.C., July 17-18,2001 



Statement of Work: 
Effectiveness and Impact of CAFE Standards 

Since CAFE standards were established 25 years ago, 
there have been significant changes in motor vehicle tech- 
nology, globalization of the industry, the mix and character- 
istics of vehicle sales, production capacity, and other fac- 
tors. The committee formed to carry out this study will 
evaluate the implications of these changes, as well as changes 
anticipated in the next few years, on the need for CAFE, as 
well as the stringency and/or structure of the CAFE program 
in future years. The committee shall give priority in its ana- 
lytical work to relatively recent developments that have not 
been well analyzed in existing literature reviewing the CAFE 
program. Specifically, these events include economic and 
other impacts of current levels of oil imports, advances in 
technological development and commercialization, the need 
to reduce greenhouse gas emissions, and increased market 
share for light trucks, including SUVs and minivans. 

The study shall examine, among other factors: 

(1) The statutory criteria (economic practicability, tech- 
nological feasibility, need for the U.S. to conserve 
energy, the classification definitions used to distin- 
guish passenger cars from light trucks, and the effect 
of other regulations); 

(2) The impact of CAFE standards on motor vehicle 
safety; 

(3) Disparate impacts on the U.S. automotive sector; 
(4) The effect on U.S. employment in the automotive 

sector; 
(5) The effect on the automotive consumer; and 
(6) The effect of requiring CAFE calculations for do- 

mestic and non-domestic fleets. 

The committee shall examine the possibility of either 
positive or negative impacts, if any, in each of these areas 
as a result of CAFE standards. The committee shall also 
include in that analysis a statement of both the benefits and 
the costs, if any, in each of the identified areas, and shall 
include to the extent possible both quantifiable and non- 
quantifiable costs or benefits. The committee may aIso ex- 
amine a broader range of related issues appropriate to pro- 
viding the most accurate possible report. For example, in 
reviewing possible impacts on U.S. employment in the au- 
tomotive sector, the committee shall also examine the im- 
pacts on U.S. employment in other sectors of the economy 
from both CAFE standards and resulting reductions in oil 
imports if relevant to providing a complete picture of im- 
pacts on U.S. employment. 

The committee shall write a report documenting its con- 
clusions and recommendations. 
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AAA 
ASMlAMT 
AWD 

bbl 
Btu 

C 
CAE 
CAFE 
CARB 
CFRP 
CIDI 
CNG 
co 

CR 
CVA 
CVT 

CO, 

DI 
DOE 
DOHC 
DOT 

EEA 
ETA 
EMF 
EPA 
EV 

FC 
FHWA 
4WD 
FTP 

GAO 
GDP 

E 

Acronyms and Abbreviations 

American Automobile Association GFXP 
automatic shift manual transmission GHG 
all-wheel drive GM 

GVW 
barrel 
British thermal unit HEV 

carbon 
computer-aided engineering 
corporate average fuel economy (standards) 
California Air Resources Board 
carbon-fiber-reinforced polymer composites 
compression ignition, direct injection 
compressed natural gas 
carbon monoxide 
carbon dioxide 
compression ratio 
camless valve actuation 
continuously variable transmission 

direct injection 
Department of Energy 
double overhead cam 
Department of Transportation 

Energy and Environmental Analysis 
Energy Information Administration 
Energy Modeling Forum 
Environmental Protection Agency 
electric vehicle 

fuel cell 
Federal Highway Administration 
four-wheel drive 
federal test procedure 

General Accounting Office 
gross domestic product 

ICE 
IPCC 

ISG 
IVT 

lb 
LSFC 

MIT 
mmbd 
MMBhJ 
mpg 

NAFTA 
NHTSA 

OHC 
O W  
OPEC 

PEM 
PM 
PNGV 
PPm 
PU 
PZEV 

glass-fiber-reinforced polymer composites 
greenhouse gases 
General Motors Corporation 
gross vehicle weight 

hybrid electric vehicle 

internal combustion engine 
Intergovernmental Panel on Climate 
Change 
integrated startedgenerator 
intake valve throttling 

pound 
payload-specific fuel consumption 

Massachusetts Institute of Technology 
million barrels per day 
million British thermal units 
miles per gallon 

North American Free Trade Agreement 
National Highway Traffic Safety 
Administration 
nitrogen, oxides 
National Research Council 

overhead cam 
overhead vaIve 
Organization of Petroleum Exporting 
Countries 

proton exchange membrane 
particulate matter 
Partnership for a New Generation of Vehicles 
parts per million 
pickup (truck) 
partial zero emission vehicle 
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R&D 

S C R  
SI 
SOHC 
SULEV 
sw 

TWC 
2wD 
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research and development 

selective catalytic reduction 
spark-ignition 
single overhead cam 
super ultralow-emission vehicle 
sport utility vehicle 

three-way catalyst 
two-wheel drive 

UAW United Auto Workers 
up1 uniform percentage increase 

VCR variable compression ratio 
VMT vehicle miles traveled 
VVLT 
VVT variable valve timing 

variable valve lift and timing 

WSFC weight-specific fuel consumption 
w?T well-to-tank 
WTW well-to-wheels 



Letter Report: 
Technology and Economic Analysis in the 

Prepublication Version of the Report 
Effectiveness and Impact of 

Corporate Average Fuel Economy (CAFE) Standards 

Addrrrs to t h e  Nalloa on Srlriirr.  Engineering, and Medklnr 
N%t!cral Acabzry 01 Si ie izes 
Naliaral Aca3eR-y DI En5:ncring 
Instituie ot Mfdtine 
Nslicral R B a r c h  Cniincit 

January 14,2002 

T h e  Honorable Jeffrey W. Runge 
.4dministrator 
National Highway Traffic Safety Administration 
U S .  Department of Transportation 
400 7Ih Street, SW, Room 5320 
Washington, DC 20590 

Dear Dr. Runge: 

We are pleased to dclivcr this lettcr report to you. It assesses the methodology 
used to estimate the potential for fuel economy gains in the National Research Council's 
(NRC) report EfJectiveizess and hnpact of Corporate Average Fuel Economy (CAFE) 
Smidurds, which was released in prepublication form in July 2001. 

The NRC undertook this additional effort because, following the July 2001 release 
of the CAFE report, we heard criticism from some parties that the methodology was 
fundamentally flawed. This letter report confirms that the methodology was quite valid. 
Thc committee that prepared the CAFE report continued to refine its analysis, and the 
estimates arc slightly diffcrcnt, but the conclusions and recommendations are essentially 
unchanged. We have incorporated these refinements (and lettcr report itself) into the final 
CAFE report, ahich we expect to deliver by about tlic cnd of January. 

We plan to relcasc this letter report to the public at 9:OO a.m. on Wednesday, 
January 16. At that time, copies will also be made available to news reporters, and the 
report will be posted on the National Academies web site. 
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134 EFFECTIVENESS AND IMPACT O F  CORPORATE AVERAGE FUEL ECONOMY (CAFE) STANDARDS 

Dr. Jeffrey PI. Runge 
Admini strator 
DOTNational Highway Safety Administration 
January 14,2002 
Page 2 

We appreciate the opportunity to have been of service. If you have any questions, 
please do not hesitate to call me at 202-334-3000. 

Sincerely, 

LbJ 
E. william colgYazi& 
Executive Oficcr 
National Research Council/National Academy of Sciences 

cc: 

Kenneth R. Katz, CORT DOTNationaI Highway Safety Administration 
Office of Planning and Consumer Programs (NPS-30) 
400 7" Street, SW, Room 5320 
Washington, DC 20590 
202-366-0842 
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Technology and Economic Analysis in the Prepublication Version of the 
Report Effectiveness and Impact of Corporate Average Fuel 

Economy (CAFE) Standards 

This letter report summarizes the reexamination of several technology issues originally 
presented in the prepublication report by the Committee on the Effectiveness and Impact of 
Corporate Average Fuel Economy (CAFE) Standards. It first explains why the reexamination 
was undertaken and the process for doing so. It then evaluates the methodology used in Chapter 
3 of the prepublication version of the report for estimating the benefits of improved technology, 
corrects several minor errors, and explains the results. In doing so, it stresses the committee’s 
desire that readers focus on averaged estimates for cumulative gains and costs instead of the 
upper and lower bounds, which reflect the increasing uncertainty of costs and benefits as fuel 
efficiency is increased. It also updates and explains the economic analysis presented in Chapter 4 
of the prepublication version. 

REASONS FOR THIS LETTER REPORT 

At the request of the US. Congress, the National Research Council (NRC) released a 
prepublication version of its report Effectiveness and Impact of Corporate Average Fuel 
Economy (CAFE) Standards in July 2001. The committee prepared the report in less than 6 
months because Congress expected to address CAFE standards in 2001 and had requested 
guidance on technical feasibility. During the study, President George W. Bush announced that 
this report would be an important factor in his energy policy, prepared under the direction of 
Vice President Richard Cheney. 

which representatives of automobile manufacturers, governmental agencies, and a variety of 
nongovernmental organizations provided information on the issues addressed in the report. The 
committee also visited manufacturers and major suppliers, reviewed thousands of pages of 
presentation and other background material, and retained consultants to provide detailed 
analyses. 

some of the estimates for improved fuel economy. Representatives of the Alliance of Automobile 
Manufacturers (AAM), General Motors, and DaimlerChrysler told the NRC in August 2001 that, 
in their opinion, portions of the technical analysis in Chapter 3 were fundamentally flawed and 
that some of the estimates for fuel economy improvements violated the principle of conservation 
of energy. In particular, the industry claimed that the method used to estimate incremental 
improvements in fuel consumption through stepwise application of technologies did not consider 
system-level effects and that “double-counting” of potential reductions in energy losses had 
occurred, especially in upper bound estimations, which resulted in the violation of the first law of 
thermodynamics (conservation of energy). 

During this initial 6-month period, the committee held a series of public meetings at 

Following the release of the prepublication report, the automotive industry challenged 

The largest energy loss is due to inefficiency of the engine. The maximum efficiency of a typical current 
spark-ignition engine is about 35 percent. The remainder of the energy in the fuel is transferred to the atmosphere 
as thermal energy in the exhaust or through the cooling system. Some of the technologies discussed here raise 
efficiency, but in general it is difficult to significantly reduce these losses. Other technologies indirectly accomplish 
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In response to these concerns, especially in light of the potential impact of the report’s 
findings and recommendations on national energy policy, the committee held a public meeting 
on October 5,200 1. Industry representatives and several analysts with other perspectives 
presented their questions and concerns about the report.2 The presentations are available in the 
NRC’s public access file. 

raised other issues including the following: 
In addition to the allegation of violating the principle of conservation of energy, industry 

1. Some technologies are already in widespread use, so the improvement from 
implementing them for a particular class of vehicle is minimal. 

2. Improvements from some technologies are overstated. 
3. Baseline fuel economy levels do not match Environmental Protection Agency (EPA) 

data. 
4. Some data supplied to the committee may have been misinterpreted as based on fuel 

consumption rather than fuel economy, leading to an overstatement of benefits. 
5. Because of these errors, the break-even analysis in Chapter 4 overestimates the 

benefits of raising fuel economy standards. 

Feng An presented some of the results fi-om a recent report by the American Council for 
an Energy Efficient Economy (ACEEE) and commented on the automotive industry’s 
presentation. He pointed out that the ACEEE analysis, which was based on detailed energy 
balance simulation, predicted results similar to those in the committee’s report when weight 
reduction was excluded. He also noted that industry’s treatment of engine idle-off was inaccurate 
and that analysis of energy losses was a matter of engineering judgment as well as exact 
mathematics. He concluded that some double-counting of benefits may have occurred in the 
committee’s most optimistic estimates. However, he argued that two other factors counter this 
problem. First, other technologies could reasonably have been included by the committee, 
especially weight reduction and hybrid-electric vehicles. Second, combining technologies can 
produce positive ~ynergies,~ which may not have been considered. 

David Friedman stated, among other things, that the committee had clearly eliminated 
most double-counting, and, insofar as some may have occurred, the committee could have 
considered additional technologies to achieve the same or greater levels of fuel economy. He 

this goal; e.g., friction reduction results in less heat transfer from the radiator. Many of the engine technologies 
discussed here typically are applied to reduce pumping losses (the energy required to move the air for combustion 
through the engine), a smaller loss but one easier to reduce. As these technologies are added, pumping losses 
decline, reducing the potential for the next technology. If these diminishing returns are not considered, the analysis 
may overpredict the reduction in pumping losses, resulting in double-counting. However, many of these 
technologies have secondary benefits as well, which also must also be considered. The term “system-level effects” 
refers to these interactions. 

Formal presentations were made by Greg Dana of the Alliance of Automobile Manufacturers; Feng An, a 
consultant working with the Energy Foundation and the American Council for an Energy Efficient Economy; and 
David Friedman of the Union of Concerned Scientists. Accompanying Mr. Dana were Aaron Sullivan of General 
Motors (who made an additional informal presentation), Tom Asmus of DaimlerChrysler, Tom Kenny of Ford, and 
Wolfgang Groth of Volkswagen. In addition, Barry McNutt of the Department of Energy made an informal 
presentation. 

greater than the sum of the individual contributions. 

2 

System-level effects can be positive as well as negative. The term “synergies” is used when the benefit is 3 
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believed that with those technologies, even the most optimistic upper bound could be achieved. 
He noted that losses due to aerodynamic drag, rolling resistance, and inertia can easily be 
reduced more than the committee had allowed, and probably at lower cost than some of the 
technologies that are on the committee’s list. In addition, hybrid electric vehicles (HEV) may 
become competitive faster than the committee had assumed, and positive synergies were not 
always included in its analysis. 

expressed at the October 5 public meeting, reviewed additional materials submitted by interested 
parties, evaluated the potential for fundamental errors in its original analysis, and wrote this 
report to present its findings. This effort has been limited to the technology methodology 
presented in Chapter 3 of the prepublication version and the potential impact any revisions would 
have on the economic analysis in Chapter 4. 

The review uncovered several minor computational or data entry errors in the original 
analysis. These are identified here and corrected in the final CAFE report, scheduled for 
publication in early 2002. In addition, the methodology used for estimating the fuel efficiency 
improvements is explained in greater detail, as is the increasing uncertainty in upper and lower 
tlounds in the prepublication version of the report. These bounds have been eliminated in the 
final report and in this letter report in order to help focus the reader on the average estimations. 

The committee, in particular the Technology Subgro~p,~  examined the concerns 

FINDINGS 

Based on its review of the information provided to it subsequent to the July 2001 release 
of the prepublication version of the CAFE report, in combination with additional investigations 
conducted by the Technology Subgroup, the committee finds as follows: 

1. The fundamental findings and recommendations presented in Chapter 6 of the CAFE 
report are essentially unchanged. The committee still finds that “technologies exist 
that, if applied to passenger cars and light-duty trucks, would significantly reduce fuel 
consumption within 15 years” and that “assessment of currently offered product 
technologies suggests that light-duty trucks, including SUVs,  pickups, and minivans, 
offer the greatest potential to reduce fuel consumption, on a total-gallons-saved 
basis.” The only changes to the findings and recommendations presented in the 
prepublication version are the references to the analyses presented in Chapters 3 and 
4, which have been modified as discussed in the section “Technical Discussion,” 
below, and Attachments A through E. 

2. Baseline fuel consumption averages have been revised to reflect the latest results 
published by EPA for model year 1999. The technology matrixes have been modified 
to eliminate unlikely combinations that were erroneously carried forward in the 
spreadsheets (see Tables 3-1 to 3-3 in Attachment A). Calculations of incremental 
reductions in fuel consumption for certain vehicle classes’ also have been corrected. 

John Johnson, Gary Rogers, Phillip Myers, and David Greene. 
’Midsize and large cars should have used camless valve actuation instead of intake valve throttling in path 

4 

3. The benefits of variable valve timing should have been 2-3 percent (instead of 1-2 percent) and variable timing 
and lift should have been at 1-2 percent (instead of 3-8 percent), 
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These changes had a mixed effect on fuel economy estimates, but the net result is to 
slightly lower the averages. In addition, the upper and lower bounds in Table 3-4 and 
Figures 3-4 to 3- 13 of the prepublication version have been removed (see Attachment 
A). The greatly increased uncertainty as technologies were added caused considerable 
confusion, and the committee decided to simplify the presentation. The economic 
analysis has been modified to reflect these changes and several other minor 
modifications, as discussed in the section “Analysis of Cost-Efficient Fuel Economy 
Levels,” below, and shown in Attachment B. These changes, which are incorporated 
into the final CAFE report, had no significant impact on the overall findings and 
recommendations of the report because the average estimates changed so slightly. 

3. The committee notes that its analysis of the incremental benefits of employing 
additional fuel-efficient technologies was, of necessity, based largely on engineering 
judgment. A detailed energy balance simulation of all the technologies in all the 
vehicle classes could potentially improve the accuracy of the analysis, but that task 
was well beyond the resources of the committee. The prepublication version of the 
report states, “Within the time constraints of this study, the committee used its 
expertise and engineering judgment, supplemented by the sources of information 
identified above, to derive its own estimates of the potential for he1 economy 
improvement . . . .” The report also notes that “the committee has applied its 
engineering judgment in reducing the otherwise nearly infinite variations in vehicle 
designs and technologies that would be available, to some characteristic examples.” 
Moreover, as confirmed during testimony presented by AAM representatives, the 
committee did not have sufficient proprietary technical data to conduct highly 
detailed simulations. Additional explanation of this estimation process is presented in 
the “Technical Discussion” section, below. 

4. The committee acknowledges that, although it was conservative in its estimates of 
potential gains attributable to individual technologies (in an attempt to account for 
potential double-counting), some overestimation of aggregated benefits, compared to 
aggressive development targets, may have occurred in paths 2 and 3 in the 
prepublication version. Nevertheless, the committee finds that the principle of 
conservation of energy was not violated. Furthermore, the Committee may have 
underestimated some potential improvements and given insufficient consideration to 
system-level synergies. 

The committee conducted a more detailed simulation to determine whether significant 
overestimations of potential benefits may have inadvertently occurred. Only one case 
(midsize SWs) was considered in the time available, but this case provides a general 
confirmation of the methodology used in the CAFE report. This analysis (detailed in 
the technical discussion and in Attachment C), shows that the most optimistic upper- 
bound estimate in the prepublication version exceeded aggressive development 
targets by less than 10 percent. The same analysis suggests that if pumping losses 
were reduced to extremely low levels (due to unthrottled operation) and friction was 
reduced by 30 to 40 percent (theoretically possible but not currently feasible for 
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production engines), fuel consumption reductions would equal the most optimistic 
upper-bound estimate for midsize S W s  in the prepublication version. 

Therefore the committee finds that its analysis did not violate any laws of energy 
conservation. The committee acknowledges that the uncertainty associated with any 
upper boundary increases significantly as additional technologies are considered. 
Accordingly it does not propose them as development targets. 

5 .  All estimates (even those involving sophisticated modeling) of the costs and benefits 
of new technologies are uncertain. As technologies are added, the overall uncertainty 
increases. The committee included a wide range of costs and benefits for each 
technology to account for such uncertainties. However, based upon the feedback 
received since the release of the prepublication version, the committee believes that 
the increasing level of uncertainty associated with moving up each of the three paths 
was not sufficiently explained in Chapter 3. Additional technical discussion and 
clarification are therefore included below. Furthermore, the committee finds that its 
methodology for determining the collective uncertainty as technologies are added has 
produced wide upper- and lower-bound estimates that have contributed to confusion 
and misinterpretation of the analysis. Chapter 4 uses a statistical technique to narrow 
the bounds (using the values for each technology in Chapter 3 as input), as seen in 
Figures 4-5 and 4-6 in Attachment B. This technique maintains an approximately 
constant confidence bound over the range of fuel economy. Therefore, the upper and 
lower bounds for improved fuel consumption and associated costs are dropped from 
Table 3-4 and Figures 3-4 to 3-13 (see Attachment A), and only the now slightly 
lower averages are retained in order to focus attention on the most probable and 
usehl results. However, the reader is cautioned that even the averages are only 
estimates, not exact predictions. 

CONCLUSIONS 

Based on the additional information provided to the committee subsequent to the July 
2001 release of the prepublication version of the CAFE report, including testimony provided at 
the October 5,2001, meeting, the committee concludes as follows: 

1. The committee reaffirms its approach and general results: Significant gains in fuel 
economy are possible with the application of new technology at corresponding 
increases in vehicle price. Although the committee believes that its average estimates, 
as presented here, provide a reasonable approximation of the fuel economy levels 
attainable, it endorses its statement in the prepublication version-namely, that 
changes to CAFE standards should not be based solely on this analysis. Finding 5 of 
the CAFE report states: “Three potential development paths are chosen as examples 
of possible product improvement approaches, which illustrate the trade-offs auto 
manufacturers may consider in future efforts to improve fuel efficiency.” The finding 
also notes that “economic, regulatory, safety, and consumer-preference-related issues 
will influence the extent to which these technologies will be applied in the United 
States .” 
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The fuel economy estimates include uncertainties that necessarily grow with the 
increasing complexity of vehicle systems as fuel economy is improved. Thus for 
regulatory purposes, these estimates should be augmented with additional analysis of 
the potential for improvements in fuel economy and, especially, their economic 
consequences. The development approaches that manufacturers may actually pursue 
over the next 15 years will depend on improvements made in current systems, price 
competitiveness of production-intent technologies, potential technological 
breakthroughs, advancements in diesel emission-control technologies, and the quest 
for cost reduction in hybrid technology. 

Path 3 includes emerging technologies that are not fully developed and that are, by 
definition, less certain. The committee also recognizes that this path includes 
technologies that likely have not been tested together as a system. The upper and 
lower bounds of the paths are even more uncertain than the average. Therefore in 
formulating its conclusions, the committee used the path averages. 

Full analysis of systems effects, which might be better defined by more rigorous 
individual vehicle simulations, could suggest fuel economy improvements that are 
greater or less than the average estimates made by the committee. More accurate 
estimates would require detailed analyses of manufacturer-proprietary technical 
information for individual vehicle models, engines, transmissions, calibration 
strategies, emissions control strategies, and other factors-information to which the 
committee has no access. Even if such information were provided, evaluating all 
possible scenarios would require a prohibitive number of simulations for the 
committee to pursue. 

Based on input provided subsequent to the July 2001 release of the prepublication 
version, the committee concludes that additional technologies, beyond those 
identified in the report, may also become available within the 10- 15 year horizon. The 
committee may have underestimated the vehicle-based (e.g., aerodynamics, rolling 
resistance, weight reduction) benefits that may be expected within 15 years. 
Prototype vehicles are now being designed and tested that achieve significantly 
higher fuel economy (FE) than the levels considered by the committee (see the 
section “Future Potential,” in Attachment D). While the committee has not analyzed 
all of these concepts (they still must surmount a series of bamers, including cost, 
emissions compliance, and consumer acceptance issues), it notes that they illustrate 
the technical potential for greater fuel economy. 

At the August 2001 meeting, industry representatives stated that the methodology 
used by the committee violated the principle of conservation of energy.6 However, at 

The industry representatives separated the technologies according to how, in their judgment, they might 6 

reduce energy losses. They expected most technologies to contribute to reducing pumping and engine friction losses. 
When they added all the improvements from those technologies, the total exceeded some relative value assumed to 
represent the combined EPA cityhighway cycle for a single vehicle example. This was the basis for the claim that 
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the October 200 1 meeting, no detailed energy balance formulations or independent 
analyses were presented to support this claim. Rather, industry representatives 
presented their judgment-based contributions of the different technologies considered 
by the committee to reduce energy losses. The representatives then summed these 
contributions, suggesting that the committee’s methodology overestimates the 
potential improvement and thereby violates the conservation of energy principle. 

The committee has several points of contention with industry’s formulation of the 
energy balance issue: for example, the allocation of the benefits of an integrated 
starter-generator (with idle-off) to pumping, friction, and transmission. While turning 
off the engine when power is not needed (i.e., during idle or braking) does not raise 
the efficiency of the engine itself, it does lower the energy required for the EPA test 
cycles used to measure fuel efficiency. Thus idle-off effectively results in an increase 
in overall fuel economy, which can be realized without violating the conservation of 
energy. This effect varies the relationship between engine losses and fuel 
consumption that has historically been considered when estimating fuel economy. 
Regenerative braking, although not considered in the three hypothetical paths, is 
another example of fuel economy improvement being essentially independent of 
engine efficiency. 

In addition, assumptions as to primary and secondary benefits must consider varying 
trade-offs as many new technologies are aggregated. The committee therefore 
concludes that differences in engineering judgment are likely to produce significantly 
different approximations when projecting some 15 years into the future. 

The committee agrees that achieving the most optimistic (upper bound) results of path 
3 in the prepublication version of the report with the technologies identified there 
would require overcoming great uncertainty and technical risk. The committee did not 
regard the upper bound as a viable production-intent projection. It is a bound, by 
definition, as is the lower bound, and plausible projections lie somewhere in between. 
Furthermore, consumer acceptance and real-world characteristics will certainly cause 
actual fuel economy gains to be less than the technically feasible levels presented in 
this study. 

5. The committee reaffirms its position in Finding 6 of the CAFE report: “The 
committee cannot emphasize strongly enough that the cost-efficient fuel economy 
levels identified in Chapter 4 are not recommended CAFE goals. Rather, they are 
reflections of technological possibilities, economic realities, and assumptions about 
parameters values and consumer behavior.” The fuel economy estimates in Chapters 
3 and 4 describe the trade-offs between fuel economy improvement and increased 
vehicle price. They do not incorporate the value of reducing U.S. oil consumption or 
greenhouse gas emissions. Nor are they based on particular views of the 

the NRC analysis violates conservation of energy. The presentation, but not the specific charge, was repeated at the 
October meeting, yet the detailed propriety data behind the relative assumptions were not offered. 
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appropriateness of government involvement. The committee provides some 
discussion of these issues, but the value judgments must be left to policy makers. 

TECHNICAL DISCUSSION 

Methodological Issues 

The state of the art in overall powertrain simulation, including gas exchange, combustion, 
heat loss, exhaust energy, and indicated thermodynamic efficiency, has advanced with the 
development of computing capacity, computational fluid dynamics, and mechanical system 
simulation. Automotive manufacturers, subsystem suppliers, private and governmental research 
institutions, and universities around the world are investing vast resources to improve the 
accuracy of such predictive tools. 

vehicle aerodynamics, rolling resistance, frictional losses, accessory loads, and the influence of 
control system response, calibration strategies, and hundreds of other parameters creates models 
of sufficient size to tax even high-power computers. Morever, such sophisticated models still 
require experimental verification and calibration and are best used to quantify incremental 
improvements on individual vehicle models. They also require the input of proprietary data. 

not to define new regulatory standards. Hence it desired only a general understanding of the 
potential for fuel economy gain for different types of vehicles and what the relative costs might 
be. In addition, the committee wished to determine *ich technologies are currently being 
applied in markets where the high price of he1 provides an economic incentive for the 
introduction of new technology for reduced fuel consumption. 

Although the committee is familiar with the state-of-the-art analytical methods identified 
above, it did not have the resources, time, or access to proprietary data necessary to employ such 
methods. Therefore it used a simpler methodology to provide approximate results. The 
committee identified candidate technologies, as explained in Chapter 3 of the prepublication 
version of the report, that could be considered for application in various types of vehicles. It then 
estimated ranges of possible improvements in fuel consumption and costs associated with these 
technologies. Finally, it assembled packages of technologies, deemed revelant to different 
vehicle classes, and estimated the total impact on fuel economy and costs. This approach allowed 
the committee to estimate potential changes in a wide variety of vehicle classes within the 
boundary conditions of the study. The committee notes that similar methods were used in the 
1992 NRC analysis of automotive fuel economy potential (NRC, 1992) and by many studies in 
the published literature over the past 25 years (see, e.g., Greene and DeCicco, 2000, for a 
review). 

Expansion of the simulation to include the transmission, drivetrain, tircs and wheels, 

The committee’s charge was to estimate the potential for fuel economy improvements, 

Analytical Issues 

Technical input to the study included a review of technical publications, a review of 
automotive manufacturer announcements of new technology introductions and reported fuel 
consumption (economy) benefits, and information acquired directly fiom automotive 
manufacturers and suppliers in the United States and abroad. The committee evaluated vehicle 
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features (engine size, number of cylinders, state of technology) and published performance and 
fuel economy data. It assessed engine, transmission, and vehicle-related energy consumption, 
system losses, and potential improvements in thermal or mechanical efficiency. Finally, the 
committee applied engineering judgment to reduce an exceedingly complex and seemingly infinite 
number of possible technology combinations-and their relative performance, fuel consumption, 
drivability, production costs, and emissions compliance trade-offs-into a more manageable, 
though approximate, analysis. 

enter, production in the United States, Japan, or Europe. Promising emerging technologies, 
which are not completely developed but are sufficiently well understood, were also included. 
Background information concerning these technologies is given in Chapter 3 of the CAFE report. 
The potential choice of technologies differs by vehicle class and intended use. In addition, the 
ease of implementation into product plans and consumer-based preferences will influence 
whether a technology enters production at all. 

published data in which experimental results were based on European (NEDC) or Japanese (1 0/11 
mode) test cycles. Furthermore, differences in exhaust emission regulations, especially between 
European and U.S. Tier I1 or California standards, can have a great effect on the potential 
application of several technologies.’ 

the technology, were determined fiom the sources listed above. Both fuel economy (FE) benefits 
and costs are expressed in terms of a range, with low and high values, because of the uncertainty 
involved.’ The benefit is expressed as a percent reduction of fuel consumption (FC; gallons/100 
miles). 

counting of benefits. Attachment E shows how FC improvements were modified to avoid 
double-counting, It also shows that most of the technologies considered have primary and 
secondary benefits related to the reduction of different types of losses or improvements in 
thermal efficiency. In general, this strategy results in predicted improvements for individual 
technologies that are lower than the values commonly found in the literature. 

In addition, subsequent to the release of the prepublication version, the committee 
simulated one case, the midsize S W ,  in order to evaluate potential inaccuracies in its simplified 
methodology. This sample simulation is presented in Attachment C. 

To assist in evaluating near-term potential (within 10 years) versus long-range predictions 
(10-15 years or beyond), the committee considered three technology paths with three different 
levels of optimism regarding technology implementation. The technologies grouped within these 
paths were chosen based on current production availability (in the United States, Europe, or 
Japan), general compatibility with the dominant vehicle attributes (engine size/power, transmission 

Most of the technologies considered in the committee’s analysis either are in, or will soon 

The analysis was complicated by the need to infer potential fuel consumption benefits from 

The potential of each technology to improve fuel economy, and the costs of implementing 

The fuel consumption ranges were adjusted in an attempt to account for potential double- 

’ This is especially true in the case of lean combustion concepts (direct-injection diesel and gasoline), which 
are unlikely to penetrate U.S. markets rapidly due to production cost and emissions compliance issues, even though 
they are quickly approaching 50 percent of the new vehicle sales in Europe. The committee examined these 
technologies but did not include them in any of the paths because of high uncertainty concerning exhaust emissions 
compliance and production cost. Nevertheless, it is quite possible that one or more will be successful. In such a case, 
fuel economy levels higher than any of those estimated by the committee could become feasible. 

Note that the economic analysis in Chapter 4, including that in the prepublication version, heavily weights 
the average but statistically considers the uncertainty represented by the high and low values. 

8 



144 

~ ~- - 

EFFECTIVENESS AND IMPACT OF CORPORATE AVERAGE FUEL ECONOMY (CAFE) STANDARDS 

type, vehicle size, intended use, and so on), and, very qualitatively, “ease of implementation,” 
related to possible product introduction. The committee believes that all these paths are plausible 
under some conditions, but it notes that technologies must meet development, production, 
customer acceptance, or other corporate boundary conditions that were not necessarily analyzed by 
the committee. 

but FC was increased by 3.5 percent to account for potential weight increases (estimated at 5 
percent) for future safety-specific and design changes. Aggregate reductions in FC were calculated 
for each path by simple multiplication of adjusted values as technologies germane to the path were 
added. Lower and upper bounds were calculated separately and an average was determined at each 
step. Aggregate costs were determined by adding the low and high costs separately and taking the 
average for each point, starting fiom zero. However, these costs were intended to approximate only 
the incremental cost to the consumer that could be attributed to improved fuel consumption alone. 
Box 1 shows some detailed calculations as an example. 

The baseline was determined fiom the EPA listings (EPA, 2001) for each class of vehicle, 

Box 1 
Example: Midsize S W Path 1 

The baseline fuel economy value is 21 mpg,’ which is converted to fuel consumption 
(FC): 4.76 gallons/100 miles. The 3.5 percent penalty for safety equipment brings the starting 
point to 4.93 gallons/100 miles. 

included in Path 1, as shown in Table 3-2 (Attachment A). The average value for the first one, 
“Engine Friction Reduction,” is 3 percent. Thus the average FC value with that technology added 
is 4.93 x 0.97 = 4.78. The next technology, “Low Friction Lubricants,” is estimated at 1 percent, 
resulting in a value of 4.78 x 0.99 = 4.73. With all six engine technologies, the averaged 
consumption estimate is 4.19 gallons/lOO miles. Including the transmission and vehicle 
technologies brings the total to 3.96 gallons/100 miles (or 25.3 mpg), as listed in Table 3-4 
(Attachment A). The cost values in Table 3-2 are averaged and then simply added. 

Six engine technologies, two transmission technologies, and one vehicle technology are 

~~ 

EPA. 2001. Light-Duty Automotive Technology and Fuel Economy Trends I975 Through 2001, EPA 420- 1 

R-0 1-008, September. 

Overall Assessment 

The committee’s methodology is admittedly simplistic. Nevertheless, the committee 
believes it to be sufficiently accurate for the purposes of the study. The overall results are 
consistent with those of other analyses, such as those done by Energy and Environmental 
Analysis, Inc. (EEA’s report to the committee is in the NRC public access file). In addition, two 
examples of the use of new technologies illustrate the potential to be gained (Attachment D). 

Several changes and corrections of minor errors in the prepublication version of the 
report also have been made. The baseline fuel economy level for each vehicle is now taken 
directly from EPA published data (EPA, 2001) instead of a prepublication data set. Existing use 
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of technology assumes that an entire class incorporates a technology when 50 percent or more of 
the class sales weighted average does. Two entries in Tables 3-1, 3-2, and 3-3 are corrected: (1) 
FC benefit value for variable valve timing (VVT) is now 2-3 percent (compared with 1-2 percent 
in the prepublication version), and (2) variable valve liR and timing (VVLT) is now 1-2 percent 
(formerly 3-8 percent). The values in the prepublication version had been adjusted on the 
assumption that the technologies would be coupled with transmission and 
downsized/supercharged engine configurations and should have been corrected when the 
methodology was changed. Also, some combinations of technologies have been corrected, 
having been carried forward in the spreadsheets (see Tables 3-1 to 3-3). Table 3-4 and Figures 3- 
4 through 3-13, incorporating these changes, are shown in Attachment A. 

ANALYSIS OF COST-EFFICIENT FUEL ECONOMY LEVELS 

The cost-efficient analysis (called the “break-even analysis” in Chapter 4 of the 
prepublication version but renamed the “cost-efficient analysis” in order to eliminate a source of 
confusion) depends on the results of the technical analysis. This section revises the cost-efficient 
results accordingly (these results are also in the final CAFE report). In addition, it provides an 
improved interpretation of the results. 

Changes to the Cost-Efficient Analysis 

The committee made several minor changes to the fuel economy improvement and cost 
data after the economic analysis was completed. The current analyses in Chapters 3 and 4 are 
now entirely consistent. In addition, the changes discussed above have been incorporated. An 
error affecting only midsize passenger cars was discovered in the computer program used to 
perform the cost-efficient cal~ulations.~ Finally, the committee corrected a minor methodological 
inconsistency in sequencing the application of technologies, lo These changes collectively had 
only a small impact on the estimated cost-efficient fuel economy levels. The largest impact was 
due to the changes to the base fuel economy levels, as explained in the previous section. 

cases, changes from the prepublication version tables exceed 2 mpg. These differences are due 
primarily to changes in the base miles per gallon (mpg) estimates. For example, the base mpg for 
large cars has been increased from 2 1.2 to 24.9 mpg. Chiefly as a result of this change, cost- 

The new cost-efficient fuel economy numbers are presented in Attachment B. In some 

The c o m m i t t e e  is grateful to Walt Kreucher of Ford Motor Company for pointing out this error. 
%e method used to construct cost curves for fuel economy improvement begins by ranking technologies 

according to a cost-effectiveness index. The index is the midpoint of the range of “average” percent improvement 
divided by the midpoint of the range of “average” cost. Technologies are ranked from highest to lowest, in effect 
assuming that technologies will be implemented in order of cost-effectiveness, While this method is in accord with 
economic theory, it does not necessarily respect engineering reality. In one case, a technology (42-volt electrical 
system) that would have to be implemented before a second technology (integrated starterlgenerator) was ranked 
lower. This problem was solved by adding their costs and percent improvements as if they were one technology, in 
effect assuming that the two would be implemented simultaneously. The committee discovered this inconsistency 
prior to release of the report, determined that it did not significantly affect the calculations and, in the interests of a 
timely release of the prepublication version of the CAFE report, did not revise the method. The reconsideration of 
the report afforded the opportunity to make this revision. 

9 

1 
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efficient mpg levels are higher, but the percent increase is lower. Changes in the estimation 
method (described above) also contributed to changes in the estimates for cost-efficient fuel 
economy levels, but to a lesser degree. 

Interpreting the Cost-Efficient Fuel Economy Estimates 

The committee’s analysis of cost-efficient (formerly referred to as “break-even”) fuel 
economy levels has been more often misunderstood than understood. The committee 
acknowledges its responsibility to adequately explain this analysis and is taking this opportunity 
to clarify the meaning and proper interpretation of its analysis. 

Cost-efficient fuel economy levels represent the point at which the cost of another small 
increment in fuel economy equals the value of the fuel saved by that increment. They do not 
represent the point at which the total cost of improving fiiel economy equals the total value of the 
fuel saved. All mpg increases before this last increment more than pay for their cost in lifetime 
fuel savings. In general, the total value of fuel saved exceeds the total cost at the cost-efficient 
mpg level, quite significantly in some cases. 

The originally published versions of Tables 4-2 and 4-3 included the costs but not the 
value of fuel savings, contributing to confusion about how to interpret the cost-efficient mpg 
levels. The revised tables, in Attachment B, show both total costs and the total value of fuel 
savings. 

that are surrounded by substantial uncertainty. The analysis of cost efficiency considers only the 
consumer’s costs and benefits. Societal benefits, such as external costs, are not reflected in the 
cost-efficient results (these costs are discussed in Chapter 5 of the report). From a societal 
perspective, higher or lower fuel economy levels might be preferred, depending on assumptions 
made regarding externality costs and how they should be applied. 

Other critical assumptions concern the annual use and life of vehicles, consumers’ 
perception of the value of fuel savings over the life of the vehicle, and the relationship between 
government fuel economy estimates and what motorists actually obtain in their day-to-day 
driving. As in the prepublication version, two sets of estimates are presented. One is based on 
fuel savings over the full expected life of a vehicle. The other is based on just the first 3 years of 
a vehicle’s life, 

The committee emphasizes that these calculations depend on several key assumptions 
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APPENDIX F 

Attachment A 

Please see Chapter 3, Tables 3-1 to 3-4 and Figures 3-4 to 3-13. 
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Attachment B 

Please see Chapter 4, Tables 4-2 and 4-3 and Figures 4-5 and 4-6. 



APPENDIX F 

Attachment C 
Energy Balance Analysis 

Written correspondence and verbal testimony offered during the October 5,2001, public 
hearing suggested energy balance analysis as a method to avoid the potential for double counting 
of benefits. As noted above, such analyses can most accurately be applied to a particular vehicle 
with unique engine, powertrain, and vehicle characteristics and must be performed for each 
incremental improvement. In addition, engine map data (torque, speed, fuel consumption) must be 
incorporated that represent the incremental improvements for the various technologies being 
considered. These data must then be linked to transmission, driveline, and vehicular-specific 
parameters (rolling resistance, aerodynamic drag, etc.) and then simulated over various driving 
cycles. Furthermore, as the complexity of the technologies increases to include such things as 
intake valve throttling, integrated starter generators, or electrically controlled accessories, then 
assumptions and decisions on operating strategy, drivability, and emissions compliance are 
required that are time-consuming and require increasing amounts of proprietary data for 
simulation. 

In an attempt to determine whether some fundamental flaws, resulting in gross errors, had 
inadvertently entered the judgment-simplified analysis described above, the committee conducted 
a simulation of a single vehicle (midsize SW) ,  for which it had access to data that could be used 
to attempt a more in-depth energy consumptionhalance-type analysis. The analysis employed the 
computational methods outlined by Sovran and Bohn (SAE 8 10 184) and a commercial engine 
simulation code (GT-Power’) to assess the contribution of gas exchange (pumping), 
thermodynamic efficiency (indicated efficiency), and cooling and exhaust heat losses. A 
proprietary test cycle simulation code was also employed to determine the percentage of fuel 
consumed by the simulated vehicle during deceleration and idle operation over the FTP-75 
highway and city cycles, weighted (55/45), for a combined-cycle estimation. 

Using the Sovran/Bohn equations, together with some limited cycle-estimated engine 
parameters (indicated efficiency, torque (brake mean effective pressure, BMEP), and speed 
(RPM)), the model was calibrated to 20.3 mpg for a simulated midsize S W  with a weight of 4300 
lbs. A more detailed summary is shown in the table below. The committee’s overall conclusion is 
that the path 1 and path 2 estimated average fuel consumption improvements in Table 3-4 (see 
Attachment A) appear quite reasonabIe, although the uncertainty in the analysis grows as more 
technology features are considered. The average path 3 prediction is, by definition, more 
aggressive. However, as previously stated, all Path 3 scenarios are presented as examples only, 
with increasing uncertainty as the number of technologies increases. 

Overall, the committee believes that its judgment-based approach provides a sufficiently 
rigorous analysis for drawing the conclusions included in its report. 

Reference 

Sovran, G., and M.S. Bohn. 198 1. Formulae for the Tractive-Energy Requirements of Vehicles 
Driving the EPA Schedules. SAE paper No. 810184, Detroit. 
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‘Cycle analysis software marketed by Gamma Technologies, Inc., and used by nearly all major engine . 
manufacturers worldwide in the design and development of new engines. 
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Attachment D 
Examples of Technology Improvements 

PAST IMPROVEMENTS 

Over the past several years, DaimlerChrysler has introduced a new family of engines, 
replacing engines with push rods and overhead valves. One of them, the 2.7 liter engine, 
produces 200 horsepower, 40 more than its older equivalent, yet uses 10 percent less fuel. Had it 
been kept at the same power, fuel economy presumably could have been improved significantly 
more. Several technologies were used to achieve these improvements, including overhead cams 
(OHC), 4 valves/cylinder (the committee’s estimated average contribution of these together is 3 
percent), reduced engine size (6 percent when combined with a supercharger for even greater 
downsizing), and reduced friction losses (3 percent). According to the committee’s values, these 
technologies would have contributed some 12 percent to fuel consumption reduction on average. 
Had DaimlerChrysler included variable valve timing and lift, fuel economy improvements of 
well over 20 percent might have been achieved for the same output. DaimlerChrysler used other 
factors, including electronic exhaust gas recirculation (EGR) which is tuned for high fuel 
economy as well as low emissions and lower idle speed, which were not included in the 
committee’s list. This example is included to illustrate how much improvement is possible with 
redesign and technology upgrades. 

FUTURE POTENTIAL 

The variable compression ratio (VCR) engine, pioneered by Saab (which is now part of 
GM), is reported to achieve a 30 percent fuel consumption reduction (equivalent to a fuel 
economy gain of 43 percent) compared to a naturally aspirated conventional engine (GM, 2001). 
The Saab VCR uses a supercharger to achieve the same power as a larger engine. Most engines, 
in particular supercharged and turbocharged engines, must have a lower-than-optimal 
compression ratio to avoid knocking at high load. The compression ratio in the Saab engine can 
vary between 8 and 14. Variable compression allows the engine to work at high eficiency and 
produce a very high output (1 50 bhp/liter-more than twice the level of most current engines). 

emerging including VCR, collectively result in an average fuel consumption reduction of 24 
percent for midsize cars. Thus the committee’s projection is conservative relative to Saab’s 30 
percent reduction, especially since the Saab VCR is presumably benchmarked against European 
engines that already have more of these sophisticated technologies than U.S. manufacturers use. 

hydraulic hybrid vehicle is drawing attention because it can store a much higher fraction of the 
energy from regenerative braking than can a HEW. One research group estimates that a car 
equivalent to a Ford Taurus could achieve 6 1 mpg in the urban driving cycle (Beachley and 
Fronczak, 1997). 

Toyota is taking another approach, using a capacitor to store energy from regenerative 
braking. Toyota estimates that the four passenger prototype it is building will achieve 88 mpg 
(Toyota, 2001). 

In the committee’s analysis, all Path 3 engine technologies, production-intent and 

In the long term, even more innovative concepts may become available. For example, the 
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From Base 

Attachment E 
Derivation of Fuel Consumption Improvement Values 

From Ref.‘ 
Engine Friction Reduction 

Technology 
Description 
Primary Benefits 

Vehicle fuel consumption reduction resulting from reduced engine friction 

Higher brake mean effective pressure (BMEP) for the same indicated mean 
I effective pressure (IMEP) 
I Higher BMEP allows engine downsizing. Secondary 

1-5% I - 5 %  

8 - m  
Application 
Reference I FEV, M. Schwaderlapp, F. Koch, J. Dohmen 

Benefits 
FC Improvement 
Example of 

Fisita 2000-3, Seoul Congress 
Conclusions: In the next 10 years it will be possible to reduce SI engine fuel 
consumption by 8 - 13% through friction reduction 

Base: 2V baseline engine; Reference: 2V baseline engine 
General technology to improve engine efficiency 

Low Friction Lubricants 

Technology 
Description 
Primary Benefits 
Secondary 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

Low friction lubricant to reduce engine friction and driveline parasitic losses. 

Low engine friction to reduce vehicle fuel consumption 
Low friction to reduce driveline parasitic losses and vehicle fuel consumption 

Base: 2V baseline engine; Reference: 2V baseline engine 

Toyota / Nippon Oil: K. Aklyama, T. Ashida; K. Inoue, E. Tominaga 
SAE-Paper 951037 
Conclusion: Using additive in the lubricant oil reduces the fuel consumption 
by 2.7% for a 4.OL-V8-4V engine 
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FC Improvement 
From Base 1 From Ref. 

I 

1.0 % 1.0 % -Il-ri- 

‘“Reference” refers to a vehicle with prior technologies already implemented. Thus it is the incremental 
improvement in a series of steps. It is lower than the base improvement (except for the first step in each category) to 
account for double-counting and other diminishing returns. 
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Multivalve, Overhead Camshaft (2V vs. 4v) 

Technology 
Description 
Primary Benefits 

Secondary 
Benefits 

Improvement from 2 valve engine into a multiintake valve engine (including 
total of 3,4, and 5 valves per cylinder) 
Lower pumping losses: larger gas exchange flow area 
Less friction: higher mechanic efficiency due to higher engine IMEP 
Less pumping losses: engine down size with higher power density 
Higher thermal efficiency: higher compression ratio due to less knocking 

fuel consumption by 11 % 

reduction in fuel consumption (11.2 to 10.7 UIOOkrn, M-H) for a 4.OL-V6-2V 

I 
2-5% 2 - 5 %  

11% FC in 
MVEG 

4.5% FC 
(OHV, 2V to 
SOHC, 2 4  

+28% power 
+11% torque 
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4 - 8 %  

-. 

Variable Valve Timing (VVT) 

2 - 3 %  

2.8 - 3.2% 
V8, 2V engine 

0.5-2.0% 
14,4V engine 

6% 
Japanese 

mode 
16,4V engine 

15% (BSFC) 
14, Late IVC 

10 - 15% 
Fuel 

Efficiency, 
Miller cycle 

Variable valve timing in the limited range through cam phase control 

Less pumping losses: later IVC to reduce intake throttle restriction for the 
same load 
Less pumping losses: down size due to better torque compatibility at high 
and low engine speed for the same vehicle performance 
Base: 2V baseline engine; Reference: 4V OHC engine 
Toyota W-i; BMW Vanos 

Ford: R.A. Stein, K.M. Galietti, T.G. Leone 
SAE-Paper 950975 
Conclusion: for a 4.6L-V8-2V engine in a 4,000 Ib vehicle benefit in M-H fuel 
consumption of 3.2% with unconstrained cam retard and 2.8% (M-H) with 
constrained cam retard (10% EGR) 
Ford: T.G. Leone, E.J. Christenson, R.A. Stein 
SAE-Paper 960584 
Conclusion: for a 2.OL-14-4V engine in a 3,125 Ib vehicle benefit in M-H fuel 
consumption of 0.5-2.0% (10-15% EGR) 
Toyota: Y. Moriya, A. Watanabe, H Uda, H. Kawamura, M. Yoshioka, M. 
Adachi. SAE-Paper 960579 
Conclusion: for a 3.OL-16-4V engine the WT-i technology (phasing of intake 
valves) improved the fuel consumption by 6% on the 10-15 official Japanese 
mode. 
Ford: D.L. Boggs, H.S. Hilbert, M.M. Schechter. SAE-Paper 950089 
Conclusion: for a 1.6L-14 engine the later intake valve closing improved the 

BSFC by 15% (10% EGR). 
MAZDA I Kanesaka TI: T. Goto, K. Hatamura, S. Takizawa, N. Hayama, H. 
Abe, H. Kanesaka. SAE-Paper 940198 
Conclusion: A 2.3L-V6-4V boosted engine with a Miller cycle (late intake 
valve closing) has a 10-15% higher fuel efficiency compared to natural 
aspiration (NA) engine with same maximum torque. 25% reduction in friction 
loss because of lower displacement. ExDected 13% increase in fuel 
consumption of 2.3L Miller engine compared to 3.3L NA engine. 
Mitsubishi: K. Hatano, K. lida. H. Hiaashi, S. Murata. SAE-PaDer 930878 
Conclusion: A 1.6L-14-4V engine reached an increase in fuel efficiency up to 
16% (Japanese Test Driving Cyde) and an power increase of 20%. 
HondaNissanl ... : S. Shiga; S. Yagi; M. Morita; T. Matsumoto; H. Nakamura; 
T. Karasawa SAE-Paper 960585 
Conclusion: For a 0.25L-11-4V test engine an early closing of the intake 
valve results in up to 7% improvement in thermal efficiency 
Ricardo: C. Gray SAE-Pager 880386 

I 

Conclusion: Variable intake valve dosing and cam timing duration improves 
part load fuel consumption by 3 - 5 % 

I 

Up to 16% in 
FC 

20% Power 
up  to 7% 

Fuel 
Efficiency 

3 - 5% at part 
load 
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Technology 
Description 
Primary Benefits 

Variable Valve Timing and Variable Valve Lift (WLT) 

Valve lift and valve timing controlled according to engine load and speed, 
with step controlled mechanism 
Less pumping losses: partially use intake valve timing and lift control for 
intake throttle control 
Higher thermal efficiency: for better mixture formation with intake valve 
thrnttlinn 

Secondary 
Benefits 
FC Improvement 
Example of 

Less pumping losses: engine down size with higher power density 

Base: 2V baseline engine; Reference: WT engine 
Honda i-VTEC; Porsche Variocam Plus; Toyota WLT-i 

FC ImDrovement 1 

40% more 
power with 
same fuel I consumption 

11% to 15% 
at idle at idle 7 

consumption (New European Driving Cycle) and 10.3% in the FTP+HW 
cycle with the cylinder deactivation 

6-8% FC in 
NEDC 

6.5% FC in 
NEDC 

10.3% FC in 
FTP+HW 
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Supercharging and Downsizing 

Engine Accessory Improvement 

FC Improvement 
From Base I From Ref. 

Technology 
Description 
Primary Benefits 
Secondary 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

Reduce the engine displacement and supercharge it for the required power 

Less pumping loss at low load conditions; less friction power loss at the 
same FMEP; less Idle losses 
None 

Base: 2V baseline engine; Reference: 4V OHC engine 

Improving the efficiency of accessory components or their power 
transmission to reduce the engine energy losses 
Direct reduction of vehicle fuel consumption 
Higher net output allows engine downsizing 

1 

7 - 1 2 %  5 - 7 %  

Base: 2V baseline engine; Reference: 4V OHC engine 
Less coolant flow rate. less oil flow rate 

Conclusions: Engine down size from 3L t i l  .5L with supercharging and 
VCR, part load specific fuel consumption improves by 25% 

"Technology and Cost of Future Fuel Economy Improvements for Light-Duty 
Vehicles - Draft Final Report"; Energy and Environmental Analysis, Inc. - 
NAS Report - June 4,2001 
Conclusions: Between 0.5 and 1 % reduction in fuel economy is possible 

at part load, 
with VCR 
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3 - 7 %  I - 2 %  + 
reduction in 

fuel economy 

Technology 
Description 
Primary Benefits 

Secondary 
Benefits 
FC Improvement 
Example of 
Application 
Reference FEV, Peter Walzer, 00ELE028 Future Engines For Cars 

1 
25% 
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Continuously Variable Transmission (CVT) 

Technology 
Description 

Added ratio places engine in better average speednoad operating point. 
Elimination of torque converter with an optimized starting clutch procedure. 
Reduced work loss in the drive train and accessories due to the gear ratio 
characteristics unique to the CVT 
Less pumping loss at low load conditions; less friction power loss at the Primary Benefits 

5-Speed Automatic Transmission 

FC Improvement 
From Base From Ref. 

Technology 
Description 

Baseline: 4-speed, Reference: 5-speed 
Audi A4 - Multitronic 

Primary Benefits 

Secondary 

6 - 1 1  % 4 - 8 %  

Benefits 
FC Improvement 
Example of 

Application 
Reference 

Application 
Reference 

ATZ 88912000, 'Multitronic - The New Automatic Transmission from Audi - 
Parts I a 2" 
SAE 970685, "ECOTRONIC - Continuously Variable ZF Transmission 
(CVT);" Manfred Boos and Herbert Mozer 
SAE 1999-01-0754, "Development of an Engine-CVT Integrated Control 
System;" S. Sakaguchi, E. Kimura, K. Yamamoto 
Conclusions: A 9.3% reduction can be attributed to the CVT transmission 

9.3% 
on MVEG 

Added ratio places engine in better average speednoad operating point. 
Improvements in torque converter lockup via Slip Controlled Converter 
Clutch. 
Improved internal oil pump losses by reducing pressure. 
Closed-loop shift strategy. 
Reduction of gear drag losses. 
General weiaht reduction. 

FC lmpi 
From Base 

vement 
From Ref. 

Y 

Less pumping loss at low load conditions; less friction power loss at the 
same FMEP; lower Idle losses 
Improved transmission efficiencies 

Baseline: 4-speed; Reference: 4-speed- I 2 - 3 %  I 2 - 3 %  

SAE- 970689, "ZF 5-Speed Transmissions for Passenger Cars"; Heribert 
Scherer, Georg Gierer 
Auto 2000, "ZF 5-Speed Automatic Transmission"; Heribert Scherer 
Conclusions: A 5% reduction can be attributed to the new 5-speed 

transmission 

on combined 
M-H FTP-75 

I same FMEP;lower Idle losses 
I Improved drive train and accessory losses Secondary 

Example of 

I 
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Baseline: 4-speed, Reference: %speed 

ATZ 91 2000, "6-Speed Automatic Transmission for the New BMW 7- 

BMW 7-Series 

Series;" Wolfgang Hall, Christian Bock 

transmission 
Conclusions: A 5% reduction can be attributed to the new 6-speed 

Aggressive Shift Logic 

3 - 5 %  1 - 2 %  

5% 
on combined 
M-H FTP-75 

Secondary I Benefits 
FC Im rovement 
Example of 

lication 
Reference b 

Improvements in torque converter lockup. 
Closed-loop shift control strategy 
Reduced transmission losses 
None 

Baseline: 4-speed, Reference: 5-speed 

"Technology and Cost of Future Fuel Economy Improvements for Light-Duty 
Vehicles - Draft Final Report"; Energy and Environmental Analysis, Inc. - 
NAS Report - June 4,2001 
Conclusions: A 9%-9.3% reduction can be attributed to aggressive shift logic 
g 

FC imp1 
From Base 

3 - 6 %  

wemen t 
From Ref. 

I - 3 %  

9.0-9.3 % 
improvement 

in Fuel 
Economy 

Technology 
Description 

Primary Benefits 

Secondarv 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

6-Speed Automatic Transmission 

Added ratio places engine in better average speednoad operating point. 
Improved gearbox efficiency with outstanding direct drive efficiency and 
reduced gear drag losses. 
Improved internal oil pump losses by internally geared wheel-pump and 
improved volumetric efficiency and reduced leakage losses. 
Optimized oil supply with reduced leakage in the hydraulic controls and 

From Base r 
gearbox. 
Less pumping loss at low load conditions; less friction power loss at the 
same FMEP; less idle losses 
Improved transmission efficiencies 

ivement 
From Ref. 
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Aerodynamic Drag Reduction 

Technology 
Description area 
Primary Benefits 
Secondary None 

Aerodynamic drag reduction via vehide shape changes or reduced frontal 

Reduced higher speed engine load required 

FC Improvement 
From Base From Ref. 

Benefits I I 
FC Improvement I Baseline: conventional vehicles; Reference: conventional vehicles I 1 - 2 %  I 1 - 2 %  
Example of 
Application 
Reference "Technology and Cost of Future Fuel Economy Improvements for Light-Duty 

Vehicles - Draft Final Report"; Energy and Environmental Analysis, Inc. - 
NAS Report - June 4,2001 
Conclusions: A 10% drag reduction is possible with a result in 1.6 - 2.2 % 
FE reduction. 

1.6 to 2.2% 
fuel economy 

reduction 

Technology 
Description 

Primary Benefits 
Secondary 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

Safety Weight Increase 

Added weight to account for anticipated future safety structure, equipment 
or other features 
Increased engine load required 
None 

Reduced bearing, brake and driveline rotating forces. Improvements in tire 
rolling resistances through new tread designs and tire carcass 
improvements 
Reduced engine load required over entire speed range 
None 

Baseline: conventional vehicles; Reference: conventional vehicles 

"Technology and Cost of Future Fuel Economy Improvements for Light-Duty 
Vehicles - Draft Final Report'; Energy and Environmental Analysis, Inc. - 
NAS Report - June 4,2001 
Conclusions: A 10% rolling resistance reduction is possible with a result in 
I .5 - 2.0 % FE reduction 

Baseline: conventional vehicles, Reference: conventional vehicles 

1 - 1 . 5 %  

"Technology and Cost of Future Fuel Economy Improvements for Light-Duty 
Vehicles - Draft Final Report"; Energy and Environmental Analysis, Inc. - 
NAS Report - June 4,2001 
Conclusions: 10% weight reduction results in 6.6 to 8% reduction in FE. 
With a safety weight increase of 5% the committee used 3 to 4% FE 
reduction to account for this. 

1 - 1 . 5 %  

1.6 to 2.2% 
fuel economy 

reduction 

From Base From Ref. 

-3 - -4% -3-4% 

3 to4% 
increase 
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I 
Secondary 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

Intake Valve Throttling 

. . -  
Higher thermal efficiency: better mixture formation with intake valve 
throttling. 
Less friction: higher mechanical efficiency due to higher engine IMEP. 
Less pumping losses: engine down size with higher power density 

Base: 2V baseline engine; Reference: VVT engine 
BMW Valvetronic 

MTZ 10 2001, pp, 826-835 
Conclusion: Valvetronic creates a fuel consumption reduction of 12% part 
load; 20% in idle; 14% reduction of fuel consumption for MVEG 111 compared 
to its predecessor. 
Delphi: R.J Pierik, J.F. Burkhard 
SAE Paper 2000-01-1221 
Conclusion: demonstrated brake specific fuel consumption (BSFC) of 12% 

at idle, 7-10% at low middle load, and 0-3% at middle to high load. 

Hyundai I Siemens: J. Lee, Ch. Lee, J.A. Nitkiewicz 
SAE-Paper 950816 
Conclusion: For a 2.0L DOHC engine the fuel efficiency could be increased 
by 30% in idle; 34% in low speed; 5% in part load with "lost motion' 
technology. It uses conventional cam and create lost motion with hydraulic 

Technology I Electronic or hydraulically controlled, mechanically actuated continuous 
Description 
Primary Benefits 

I variable valve timing and lift 
I Less pumping losses: much less, or no, intake throttling for load control. 

I mechanism, 
I BMW: R. Fierl, M. Kluting 

SAE-Paper 2000-01-1227 
Conclusion: The electromechanical valve train offers a reduction in fuel 
consumption by about 10% plus 5% higher peak torque. 
Nissan: S. Takemura, S. Aoyama, T. Sugiyama, T. Nohara, K-Moteki, M. 
Nakamura, S. Hara 
SAE-Paper 2001 -01-0243 
Conclusion: A variable actuation system showed fuel consumption of nearly 
10% 
University of Bucharest: N. Negurescu, C. Pana, M.G. Popa, A. Racovitza 
SAE-Paper 2001-01 -0671 
Conclusion: For a onecylinder test engine VVT increases the efficiency by 
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FC Im[ 
From Base 

8 - 16% 

wemenf 
From Ref. - 

3 - 6 %  

__ 
20% idle 
12% part load 
14% MVEG 111 

Idle: 12% 
low: 7% 
mid: 10% 
high: 0-3% 
(BSFC) 
Idle: 30% 
low: 3-4% 
part load: 5% 
high: 0% 
torque: 9.8% 

10% 

~~~ 

10% 

IO-29% 
efficiency 
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Daimler-Benz: F.G. Wirbeleit, K. Binder, D. Gwinner 
SAE-Paper 900229 
Conclusion: In a V8 a VCR between 8 to 13.9:l depending on the engine 
speed, the fuel consumption improves by 4% to 8% 
FordlUniversity of Dar es Salaam: T. H, Ma, H. Rajbu 
SAE-Paper 884053 
Conclusion: AI 1,500 rpm and 2 bar BMEP condition, VVT alone achieves 
8% BSFC; VVT+VCR achieves 19% 

Less friction: less valve train friction; higher mechanical efficiency due to 

FlSlTA - Seoul 2000 
Conclusion: a reduction of 16% fuel consumption can be achieved by using 
the EMV-technology in a 1.6L-14-4V engine 

4% - 8% 

I 1  % BSFC 
(1,500 rpm 
and 2 bar 
BMEP) 
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From Base 
Automated Shift Manual Transmission 

From Ref. 
Technology 
Descriptions 

Primary Benefits 
Secondarv 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

Improved gearbox efficiency with improved efficiency and reduced gear drag 
losses. 
Elimination or significant reductions of internal oil pump losses. 
Improved transmission efficiency 
None 

Baseline: 4-speed, Reference: 6-speed 

From Base 

-- 
SAE Toptec - Modern Advances in Automatic Transmission Technology, 
"EMAT - Electro-Mechanical Automatic Transmission"; 0. Camere, J. 
Cherry, R. Reed, Jr. 
Conclusions: An estimated 10% improvement in fuel efficiency with 
- improved performance 

From Ref. 
Advanced CVT's (Allows Higher Torque) 

Technology 
Description 

Primary Benefits 

Secondaw 

Improved transmission efficiency using toroidal-shape and roller elements 
and speaal traction fluids. 
Permits use in higher torque applications. 
Improved transmission efficiency. 
Brings CVT lo higher torque applications. 
None 

6-13% 

165 

0-2% 

Conclusions: A 20% improvement in fuel economy in the Japanese 10-15 
mode compared with a current &speed automatic transmission 

Estimated 
10% 

improvement 
in fuel 

efficienc 

Improvement 
in fuel 
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brakes are applied. Greater starter power enables the engine to be started 
immediately at higher speed. 
Less fuel loss when engine power is not necessary 
None 

Base: 2V baseline engine; Reference: 4V OHC engine 

Technology 
Description 

Primary Benefits 
Secondary 
Benefits 
FC Improvement 
Example of 

6-12016 

Application 
Reference 

Technology 
Descriptions 

Primary Benefits 

Integrated Starter Generator with Idle Off 

Changing the vehicle operation voltage from 12V into 42V permitting 
electronically controlled thermal management (water pump). Enabling 
technology for 42V ISG. 
Less electrical power losses with less current flow through wires; higher 

Integrated starter generator (ISG) cuts off fuel supply at idle and when the 

Secondary 
Benefits 
FC Improvement 
Example of 
Application 
Reference 

FC Imp 
From Base 

efficiency of the electrical components 
Enables higher efficiency ISG systems 

Base: 2V baseline engine; Reference: 4V OHC engine 3 - 7 %  1 - 2 %  

"Wards Engine and Vehicle Technology Update," June 15, 2001, p. 7 5% FE 
Conclusions: Potential for electronic thermal management is 5% FE improvement 

- - 

vement 
From Ref. 

4 - 7 %  

9 to 11% FE 
improvement 

42 V Electrical System 1 FC Improvement 
From Ref. I 
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Electric Power Steering 

Using electric motor to drive power steering 

Reduced parasitic losses due to optimized operation (only when needed) 
None 

Base: 2V baseline engine; Reference: 4V OHC engine 

ZF Lenksysteme: D. Peter, R. Gerhard 
SAE-Paper 199-01 -0401 
Conclusion: Reduction of fuel consumption by 2-3% by using electrical 
power steering instead of hydraulic power steering for a medium-sized 
vehicle. 

3.5 - 7.5 % 1.5-2.5% 
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